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ABSTRACT

CAPILLARY WRINKLING AND MECHANICAL PROPERTIES:
SINGLE LAYERS, BILAYERS, AND COMPOSITES
SEPTEMBER 2019
JOOYOUNG CHANG, B.S., SOGANG UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas P. Russell
In this dissertation, we aim to understand the mechanical properties of thin films
and classes of wrinkle patterns of polymer films using capillary wrinkling. We discuss four
independent research subjects.
In the first project, we measure the thickness (t) dependence of Young’s modulus
(E) of polymer thin films. Thin films were measured from bulk thicknesses down to
thickness less than the radius of gyration (6 nm). E does not show any systematic change
with t, although an increase in modulus was found for the thinnest poly(styrene) (PS) film.
The second topic is stretching (Y) and bending (B) moduli of PS/poly(methyl
methacrylate) (PMMA) and PS/gold (Au) bilayer films inferred from wrinkle patterns. The
Y, B, and wrinkle patterns for PS/PMMA and PMMA/PS bilayers were not affected by the
difference in surface energies nor the ratio of the thicknesses. However, the normalized
length of wrinkles (L/a) from PS/Au and Au/PS showed no significant variation against Y
while Au/PS increased in the number of wrinkles when B ≤ ~ 10-12 N·m.
We also investigated the concentration and thickness dependence of the composite
modulus (Ec) of PS-gold nanoparticles (GNPs) nanocomposites. Different wt% of 124
viii

kg/mol Mw PS capped 12 nm diameter GNPs were mixed with a 97 kg/mol Mw PS matrix
(30 nm ≤ tPS-GNPs ≤ 148 nm). An increase in the L/a value was found for tPS-GNPs ~ 148 nm
with 13 wt% loading. The normalized number of wrinkles (N/a0.5) in a 30 nm thick film
with 5 wt% GNPs loading was found to increase by 2.7 times over that of PS homopolymer,
but showed a decrease when the GNPs loadings were increased. As tPS-GNPs ≥ 102 nm,
N/a0.5 became ~ (Et3)-1/4, similar to PS homopolymer. Furthermore, Ec was observed to be
double that of PS homopolymer when tPS-GNPs ≥102 nm with 13 wt% GNPs loading.
Finally, we observed classes of wrinkle patterns from different PS film thicknesses:
Single mode in regime (i) t ≥ 600 nm, period-doubling in regime (ii) 50 nm ≤ t ≤ 600 nm,
and Double mode in regime (iii) t ≤ ~ 50 nm.
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CHAPTER 1
INTRODUCTION
1.1 Thesis Overview

As the dimension of devices and their-components decreases, it has been of great
interest to scientists and engineers to use novel materials and state of the art technologies
to address the demands resulting from the decreased dimensionality. Solution-produced
polymeric thin films provide an ideal and indispensable route to generate thin films of
thickness from a few nanometers up to a few microns with outstanding uniformity. The
need for understanding of the properties of such thin films has, therefore, been growing
rapidly due to their remarkable versatile applications, i.e. photoresists, solar cells,
semiconductors, coatings, paints, and adhesives. 1-24 The determination of the mechanical
properties of thin films has become one of the key features of interest, since understanding
the mechanics of delicate structures under extreme confinement could be pivotal to a
specific application and limitation of its use. 1-24 Traditional mechanical test methods, i.e.
tensile and compression tests, utilized to test thin film specimens, however, were not
successful, due to the delicate nature of the thin films. The specimens were damaged when
the same amount of either tensile or compressive stresses was applied as in experiments on
the bulk counter parts. New procedures were developed to comprehend the underlying
static and dynamic properties of the thin films at the molecular level. Researchers have,
therefore, been endeavoring to utilize direct techniques, i.e. ultra-thin film tensile testers
with and without a laser cantilever, and indirect methods, i.e. beam bending, near edge xray absorption fine structure analysis, surface roughness, surface acoustic waves, Brillouin
light scattering (BLS), neutron reflectivity, positron annihilation, bubble inflation, and
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strain induced wrinkling to understand the specific characteristics of the thin films.1,7-24
Although a wide array of investigations has been conducted, conclusions on the change of
mechanical properties and glass transition temperature (Tg) as the thickness of thin films
decreases has not been definitive.1-20 Specific characteristics of thin films, i.e. polymer
chain’s orientation, residual stress while producing films, and lower density induced by
evaporation of solvent while producing films, still are issues that can bias the measured
results. Despite numerous efforts, a conclusive result has yet to be provided. 1-24
In this dissertation, the mechanical properties and novel wrinkle patterns obtained
using capillary-force-induced wrinkling on thin films will be discussed. 4,5,28 Disc-shaped
films were floated on the water surface to induce wrinkling instabilities in a free standing
condition. This simple and non-invasive technique will be demonstrated to broaden
horizons for determination of mechanical properties using different film materials and
different classes of wrinkle patterns.

1.2 Understanding the Math and Physics of Wrinkling Instabilities

Euler initiated systematic approaches to deduce buckling thresholds in many
geometies.29,30 He calculated in 1757 the critical load on a column for lateral deflection to
occur.29,30 Bowden et al. conducted a novel wrinkling experiment on a 5 nm thick Titanium
and a 50 nm thick Gold layer evaporated in sequence onto a 1 mm thick pre-heated PDMS.1
Once the modified PDMS structure was reheated to 110 ℃ and cooled down to room
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Figure 1.1 Wrinkle patterns obtained on a 5 nm thick Ti and a 50 nm thick gold bilayers
evaporated in sequence onto a 1 mm thick PDMS substrate with (a) no ridges nor steps,
(b) no ridges and rectangular ridges (100 µm (Width, W), 120 µm (Height, H), and 300
µm (a Separation distance (S)), (c) rectangular ridges (100 µm (W), 10-20 µm (H), and
300 µm (S)), (d) flat squares (300 µm (W and S) and 10-20 µm (H)), (e) flat circles (150
µm (Radius) and 10-20 µm (H)), and (f) rectangular ridges (100 µm (W), 10-20 µm (H),
and 100 µm (S)).1

temperature, thermal expansion coefficient differences in evaporated metals and PDMS
induced different magnitudes of thermal expansions during the heating and cooling
processes resulting in various wrinkle patterns demonstrated in Figure 1.1.1
Cerda et al. proposed a pioneering theoretical derivations of wrinkling instabilities.2
They considered a rectangular Polyethylene (PE) sheet with fixed parallel ends. These
fixed ends were uniaxially stretched in the x direction shown in Figure 1.2 to induce lateral
compressive stress, 𝜎𝜎𝑦𝑦𝑦𝑦 When the applied 𝜎𝜎𝑦𝑦𝑦𝑦 was greater than the critical compressive
3

Figure 1.2 Wrinkle patterns obtained under 0.1 tensile strain applied in x direction onto a
Polyethylene (PE) film (25 cm (Length) × 10 cm (Width) × 0.01 cm (Thickness)).2

stress, 𝜎𝜎𝑦𝑦𝑦𝑦 𝐶𝐶 (𝜎𝜎𝑦𝑦𝑦𝑦 >> 𝜎𝜎𝑦𝑦𝑦𝑦 𝐶𝐶 ), wrinkles were induced parallel to the tensile direction.2,30 Since
the wrinkles were the result of nonlinear behavior, they used the Föppl–von Karman (FvK)

equations to describe the wrinkle patterns.2The original FvK equations are a set of partial
differential equations for the large deformations of a thin plate:
𝐵𝐵∇4 ω = ∇𝑗𝑗 �𝜎𝜎𝑖𝑖𝑖𝑖 ∇𝑖𝑖 𝜁𝜁� + 𝑃𝑃
∇𝑗𝑗 𝜎𝜎𝑖𝑖𝑖𝑖 = 0

(1.1)

(1.2)

where B = Et3/12(1-Λ2) is a bending modulus (E is a Young’s modulus, t is a thickness of
a thin plate, and Λ is a Poisson’s ratio), σ is a stress tensor, 𝜁𝜁 is an out-of-plane deflection,

and P is an external normal force per unit area of plate.31,32 Using this theoretical argument
derived from the FvK equations, Cerda et al. demonstrated that total energy, U, and the
selection of wrinkle wavelength, λ, in the stretched PE sheet arise from the competition in
three different factors: (i) stretching energy, US, (ii) bending energy accumulated in
foundation , UB, and (iii) inextensibility of the PE sheet, l, under small deformation:
𝑈𝑈 = 𝑈𝑈𝑆𝑆 + 𝑈𝑈𝐵𝐵 − 𝑙𝑙 (1.3),
4

1

US ~ ∫𝐴𝐴 𝑇𝑇(𝑥𝑥)(𝜕𝜕𝑥𝑥 𝜁𝜁)2 𝑑𝑑𝑑𝑑, (1.4),
2
1

UB ~ ∫𝐴𝐴 𝐵𝐵(𝜕𝜕𝑦𝑦2 𝜁𝜁)2 𝑑𝑑𝑑𝑑 (1.5),
2
2

1

𝑙𝑙 = ∫𝐴𝐴 𝑏𝑏(𝑥𝑥) � �𝜕𝜕𝑦𝑦 𝜁𝜁� −
2

∆(𝑥𝑥)
𝑊𝑊

� 𝑑𝑑𝑑𝑑 (1.6),

where 𝑇𝑇(𝑥𝑥) is a tension applied in 𝑥𝑥 direction, L is the length of PE sheet, W is the width

of PE sheet,𝜁𝜁(𝑥𝑥, 𝑦𝑦) is an out-of-plane deflection in the originally leveled PE substrate (𝑥𝑥 ∈

(0, 𝐿𝐿) 𝑎𝑎𝑎𝑎𝑎𝑎 𝑦𝑦 ∈ (0, 𝑊𝑊) with 𝑊𝑊 ≪ 𝐿𝐿), and ∆(𝑥𝑥) is a uniaxial tensile strain applied in the 𝑥𝑥

direction to the PE film as seen in Figure 1.2.2,30–32 𝑏𝑏(𝑥𝑥) is a Lagrange multiplier induced

by compression in the transverse direction, σyy, due to Poisson’s effect when the sheet is
uniaxially stretched in the longitudinal direction, σxx, under the inextensibility
condition.2,30–32 When equations 1.3-1.6 are implemented into the equation 1.1 in normal
direction, one obtains:
𝐵𝐵𝜕𝜕𝑦𝑦4 𝜁𝜁 − 𝑇𝑇(𝑥𝑥)𝜕𝜕𝑦𝑦2 𝜁𝜁 + 𝑏𝑏(𝑥𝑥)𝜕𝜕𝑦𝑦2 𝜁𝜁 = 0 (1.7).2,30–32

If one considers only the normal direction, equation 1.7 can be:

𝐵𝐵𝜕𝜕𝑦𝑦4 𝜁𝜁 − 𝑇𝑇(𝑥𝑥)𝜕𝜕𝑦𝑦2 𝜁𝜁 + 𝜎𝜎𝑦𝑦𝑦𝑦 𝜕𝜕𝑦𝑦2 𝜁𝜁 = 0 (1.8).2,30–32

The origin of this wavy patterns obtained in Figure 1.2 is that the bending modulus
produces buckling at longer wavelengths, while suppressing shorter wavelengths.2,30–32
However, the stretching modulus prefers small amplitudes shorter wavelengths and
penalizes longer wavelengths of wrinkles.2,30–32 In this particular rectangular geometry,
the stretching energies are high enough to work as a constraint, connecting an amplitude
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and a wavelength between short and long wavelength.2,30–32 With these assumptions, one
can estimate:
𝐵𝐵

𝜁𝜁 2

𝜆𝜆2

𝜁𝜁

~

𝜁𝜁

~ 𝑇𝑇

𝜆𝜆4

∆

𝑤𝑤

𝐿𝐿2

(1.9)

(1.10).2,31,32

Once these equations are rearranged, one can determine the wavelength, λ, and the
amplitude, ζ:
𝐵𝐵 1/4 1/2
𝐿𝐿
𝑇𝑇

𝜆𝜆 ~ � �

𝛥𝛥 1/2

𝜁𝜁 ~ 𝜆𝜆 � �

(1.11),

(1.12).2,30–32

𝑊𝑊

λ and ξ can be used to capture the essence of wrinkling phenomena observed in our daily
lives.2,30,31 Wrinkles can appear due to the competition between bending energy, UB, and
energy stored by the elastic property of foundation or substrate, UF:
1

UF ~ ∫𝐴𝐴 𝐾𝐾𝜁𝜁 2 𝑑𝑑𝑑𝑑, (1.13),
2

where K is the stiffness of substrate or foundation, proportional to T/L2 (K~ T/L2).2,30–32 UB
allows longer wavelengths and suppresses shorter wavelengths while UF penalizes longer
wavelengths and supports shorter wavelengths of wrinkles.2,30–32 This competition between
two different energies results in wrinkle formation with a wavelength:
𝐵𝐵 1/4

𝜆𝜆 ~ � �
𝐾𝐾

(1.14).2,30,31
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In the following paragraph, wrinkles obtained from different geometries on soft matter with
liquid substrate will be discussed.

1.3 Wrinkling Instabilities in Elastic Specimens under Tension

Wrinkling instabilities have been induced by tension and compression in a
freestanding or floating single layer sheet and elastically mismatched stiff-top and softbottom bilayer or multilayer systems thermal expansion in partially UV-crosslinked or
polymer/metal multilayer systems, controlled swelling in single or UV-Ozone treated
bilayer structures under solvent diffusion process, and an ion beam treated cross-linked
polymeric elastomers.

1–4,17,18,33–50

Most of these examples share a common ability to

generate wrinkles. They capitalize on mismatches in mechanical properties of the
structures to induce wrinkle patterns. However, a great number of studies were still not
able to fully elucidate and measure the deformations observed. To overcome this limitation
with a non-invasive approach, we investigated wrinkling instabilities in floating elastic
films on liquid surfaces induced by capillary force and compressive strain as efficient tools
to apply load to induce deformation.4,28,31,51 We correlated the obtained wrinkle patterns
with mechanical properties of films by a theoretical argument of the Far-from-Threshold
(FT) wrinkling instabilities with a wide range of film thicknesses from less than the radius
of gyration to the bulk. We further studied different classes of wrinkle patterns obtained
from the capillary force-induced wrinkling. In this chapter, we will mainly discuss
wrinkling instabilities induced by load applied at the center of elastic substrates and tension
pulling the edge of specimen as follows.
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Figure 1.3 (a) A schematic diagram of a wrinkle pattern sketched using an experimental
observation (b). a is the radius of a circular object applied onto an elastic substrate to
induce stress. (c) A sketch of circular membrane under tension where t is the inward force
created by a disc placed at the membrane and τ is the outer force created by the surface
tension of the substrate.3

Lamé initiated the study of a circular tubes and pipes exposed under axisymmetric
tension gradients.52 Cerda exploited Lamé’s analysis to investigate the mechanics of
wrinkle phenomena on various substrates under different sources of axisymmetric loads,
including thin films.3 He observed wrinkling instabilities with various loads including
sutures sewn on wounded skins, a drop of glue on an inflated balloon, and a plastic object
on a milk skin. He further analyzed the circular wrinkle patterns using a tension field theory
and FvK equations, suggesting that an inward force, t, exerted by an object with a certain
radius, a, placed at the center of a disc geometry must be greater than twice the outer
surface tension, τ, to induce radial wrinkle patterns (t > 2τ) as shown in Figure 1.3 (c).3
Since then, various approaches have been investigated to understand wrinkling phenomena
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Figure 1.4 Optical micrographs and schematic diagrams of wrinkle patterns on 80 nm
thick PS films (a sheet radius d = 23 mm) induced by (A) a water drop (radius a = 0.74
mm) and (B) an air bubble (a = 0.79 mm).24 Here, γlv is water surface tension, PY is
Laplace pressure, θ is the contact angle obtained from the air-polymer surface tension, γlv,
and φ is an angle induced by the bulge or deflection of polymer due to the placed air
bubble or the water drop underneath or onto the PS film.24 (C) Optical micrographs of
wrinkle patterns on different thicknesses of PS films (41 nm, 72 nm, 118 nm, and 233
nm) via the capillary force-induced wrinkling method.4 The radii of applied water drops
are ~ 0.8 mm.4 As film thickness increases, wrinkle length increases while wrinkle
number decreases.4
induced by different experimental setups and geometrical conditions. Vermorel et al.
studied the dynamics of wrinkle pattern triggered by an accelerated steel ball or a cylinder
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impacted on a circular rubber sheet via a high-speed camera.53 They reported that the
wrinkle forms as a radial transverse wave with fixed wavelength propagates towards the
edge of the sheet after the impact of the accelerated object.53 Various research groups also
used probes with different indentation methods, i.e. indenting either up- or downwards
while controlling indenter displacement, on floating elastic substrates or on an elastic shell
to understand the underlying physics of wrinkle phenomena and wrinkles to fold
transition.4,28,54–59
In this dissertation, we employed capillary force-induced wrinkling phenomena to
understand the mechanical properties of different material systems and classes of wrinkle
patterns.51 Huang et al. and Toga et al. used a liquid drop and an air bubble applied either
onto or underneath the center of floating circular PS thin sheets on a liquid subphase to
induce wrinkling.4,28 The best description of the wrinkling instabilities is shown in Figure
1.4. 4 The capillary forces were induced by the drop and the air bubble. The outer boundary
of the film was also exposed under the surface tension of the liquid subphase supporting
the film. These two forces resulted in an axisymmetric differential tension between the
contact line and the outer edge of the floating film. When the differential tension is greater
than a critical value, a compressive hoop stress is induced in the azimuthal direction,
forming wrinkles. The detailed physics of capillary force-induced wrinkling will be
introduced in the next chapter.
This experimental setup provides a strong foundation since this allows one to
illuminate the mechanical properties of thin films via the wrinkling behaviors. As
demonstrated in Figure 1.4 (C), Huang et al. initiated inducing wrinkle patterns by means
of capillary force and exploiting wrinkle number, N, and wrinkle length, L, from the
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obtained wrinkle patterns to measure film properties associated with film thicknesses and
Young’s moduli of the specimens under inextensibility and axisymmetric loading
conditions.3,4 Toga et al. expanded the capillary force-induced wrinkling system by
investigating the capillary wrinkling induced by air bubbles, the dynamics of wrinkle
patterns, and the sheet deformation incurred by capillary force of the liquid drop onto the
film using confocal microscopy.28 Davidovitch et al., Schroll et al., and Paulsen et al.
proposed the theoretical predictions to estimate N and L using near threshold (NT) and farfrom-threshold (FT) wrinkling instabilities, and the local λ law.5,6,55 Chang et al. employed
the FT wrinkling instability theory to determine thickness dependence of mechanical
properties of different polymers, polymer-polymer and polymer-metal bilayer films, and
polymer-nanoparticle composite systems.51 As illustrated, capillary force-induced
wrinkling provides an encouraging platform to pursue theoretical and experimental
understanding of fundamental material properties and possible applications..
Next, the physics of capillary force-induced wrinkling formation including stress
analysis under tension with geometrical constraints will be presented.

1.4 Understanding the Formation and Physics of Capillary Force-Induced
Wrinkling Instabilities

Since Lamé introduced the stress distribution analysis of an annular structure under
an axisymmetric tension gradient, multiple theoreticians and experimentalists have
investigated the wrinkling instability problem using two different approaches: near
threshold (NT) and far-from-threshold (FT) regime.2–6,28,52,60–62 The NT regime in
traditional buckling theoretical arguments expresses that a sheet deforms when small
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Figure 1.5 (a) An optical micrograph of the wrinkle pattern.5 This wrinkle pattern is
induced by the water drop placed on the floating 72 nm thick circular PS film.5LO is the
distance between the center of the placed drop to the wrinkle tip.5 (b) A confocal
micrograph of the wrinkle pattern obtained on the fluorescent PS film.5 RI is a radius of a
drop placed onto the sheet and LO is the distance from the center of the drop to the wrinkles
formed underneath the drop.5 (c) A schematic diagram of cross section delineating force
balances at the three-phase contact lines and the air-polymer and air-water bath
interfaces.5 ϑ and φ are the contact angles between the air-water interface and the waterfilm interface, respectively, while γ is the air-water surface tension, σrr(I) is the water-film
surface tension, σrr(O) is the air-film surface tension, and γʹ is the air-water bath surface
tension.4
perturbation is triggered in an initially leveled state, contributing to bending and
compression azimuthally and stretching radially in simultaneous processes.6 Géminard et
al. and Cerda exploited the NT theory and determined the square root dependences of
length and amplitude of wrinkles with respect to force and tension, respectively.3,61 Huang
et al. calculated radial stress, σrr, and azimuthal stress, σϴϴ, via the NT theory to investigate
stress fields and wrinkle patterns created by the capillary force and differential tensions as
shown in Figure 1.5.4,28 Owing to the water drop placed at the center of the floating circular
film, three main forces, air-water surface tension, γ, water-polymer surface tension, σrr(I),
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and air-polymer surface tension, σrr(O), can be generated at the contact line between the
water drop and the film while the film is stretched by air-water bath surface tension, γʹ.5,6
Since the entire edge of the floating film is pulled taut by γʹ, γʹ can also be expressed as
outward tension, Tout.6 When the addition of γ and σrr(I), called the inward tension, Tin, is
greater than twice the magnitude of γʹ = Tout, biaxial tension everywhere becomes uniaxial

tension in the radial direction with azimuthal compression.6 Consequently, wrinkles form
in the radial direction. The wrinkle length calculated in the NT regime, 𝐿𝐿𝑁𝑁𝑁𝑁
𝑂𝑂 , can be
expressed as:

𝐿𝐿𝑁𝑁𝑁𝑁
𝑂𝑂 = 𝑅𝑅𝑖𝑖 √𝜏𝜏 − 1 (1.15)
τ≡

𝑇𝑇𝑖𝑖𝑖𝑖

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

(1.16)

where 𝑅𝑅𝑖𝑖 is the radius of a drop placed onto the floating film and τ is the dimensionless

confinement parameter which demonstrates the ratio of differential tensions applied to the
film.6,30 To quantify experimental observations reported by Huang et al., Vella et al.
determined 𝐿𝐿𝑁𝑁𝑁𝑁
𝑂𝑂 with Lamé’s NT theory and calculated the radial stress at the vicinity of

the contact line between the placed water drop and the floating film with the tensions
depicted in Figure 1.5.4,59 However, the calculated 𝐿𝐿𝑁𝑁𝑁𝑁
𝑂𝑂 values were significantly less than

those of values determined by the capillary wrinkling experiments.5,6 The results failed to
predict the accurate wrinkle lengths in the post-buckling state, and further revealed the
shortcomings in the fundamental understanding of capillary force-induced wrinkling
phenomena.28,60 This limitation inspired different approaches to develop accurate models
to estimate the wrinkle patterns induced by the capillary force with high precision.
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A novel theoretical framework was proposed by Davidovitch et al. utilizing the FT
theory to approximate precise wrinkle patterns obtained via the capillary wrinkling
method.6 Near-threshold calculations did not correctly predict wrinkle length.28 This led
them to investigate and develop new approaches to improve estimations for the wrinkle
patterns. Davidovitch et al. first focused on predictions proposed by Euler, Wagner, and
Mansfield.6,29,62,63 Euler and Wagner found that the asymptotic stress behavior of an
originally flat sheet in the FT regime deviates significantly from that in the NT regime
under excessive stresses to induce wrinkles.6,62,63 Euler and Wagner’s theoretical
assumptions indicate that (i) the bending stiffness almost vanishes and (ii) stretching
energy dominates, contributing to produce wrinkles in the region in which compressive
stresses disappear. This occurs when (i) the film thickness decreases to 0 and (ii) yield
exceeds its critical limit.6,29,62,63 Exploiting the different asymptotic stress behavior of the
ultrathin sheets in the FT regime under the compressive deformation, Stein et al. and Pipkin
characterized the asymptotic stress field, stress distribution, and the simulated wrinkled
pattern.6,64,65 Although they developed the tension field theory, they did not realize that
their findings were only the limits of existing theoretical predictions.6 Taken all together,
Davidovitch et al. developed theoretical arguments to compute the amplitudes and lengths
of wrinkles induced by the differential tensions on the floating ultrathin disc-shaped sheets
under specific boundary conditions with the zero-thickness limit.6 To achieve this, they
defined and employed two novel parameters: (i) confinement parameter, τ, and (ii)
bendability, ϵ-1, defined as:
𝜖𝜖 −1 ≡

𝑎𝑎2 𝛾𝛾
𝐵𝐵
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(1.17)

in which a is the radius of a drop placed onto the center of the floating film, γ is the surface
tension, and B is the bending modulus.6 τ is the confinement parameter determined earlier
and ϵ-1 is the dimensionless number describing the ratio between the radius of a drop, a,
applied onto the film and the “elastocapillary length” defined as �𝐵𝐵⁄𝛾𝛾.5,6

Davidovitch et al. constructed the schematic phase diagram of confinement, τ, as a

function of bendability, ϵ-1, in Lamé’s geometry, depicted in Figure 1.6 to compute
theoretical estimations to produce wrinkle patterns.6 As shown, wrinkles were induced onto
the film when the τ exceeds the threshold confinement, τc(ϵ), delineated as a black solid
line. The τc(ϵ) exhibited a decay and a plateau as the film thickness decreases followed by
an increase in the ϵ-1. The theoretically predicted wrinkles for ε using the NT theory are
valid below the blue dashed line. As the ϵ-1 increases with the constant τ, the sheet

Figure 1.6 A wrinkle pattern phase diagram with the confinement, τ, as a function of
bendability, ϵ-1.6 Wrinkles are induced for ϵ when the film is exposed above critical
confinement, τc(ε), shown as a black solid line.6 Under the constant τ with an increase in
the ϵ-1, the sheet can experience three different regimes of thresholds: (i) NT, under the
blue dashed line, (ii) cross-over, in the purpled region, and (iii) FT, the red regime.6
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experiences cross-over regime shown in a purple regime, and the film reaches the red FT
region. Above the FT with high ϵ-1, the film can only support small compressive strain
during pre and post-wrinkling procedure, resulting in minor dependence on B and ϵ-1.5,6
Based on these overall theoretical considerations, Davidovitch et al. estimated theoretical
wrinkle lengths in the FT regime:
𝐿𝐿𝐹𝐹𝐹𝐹
𝑂𝑂 =

𝑎𝑎𝑎𝑎
2

(1.18)

where a is the radius of a drop placed on the film and τ is the confinement parameter.5,6
Schroll et al. analyzed the full FT regime of capillary force-induced wrinkling instabilities
with the zero-thickness limit to estimate wrinkle lengths using the equation 1.18.5 Their
estimated wrinkle lengths agreed with the experimental observations under these
parameters.5 As described in Figure 1.7, Schroll et al. also calculated stress fields, σrr and

σϴϴ, underneath the drop and outside the contact line as a function of wrinkle position
using the axisymmetric (NT) and compression-free (FT) arguments.5 These calculated

Figure 1.7 Stress fields, σrr (blue lines) and σϴϴ (red lines), as a function of radial
distance(r).5 Solid lines were calculated using the compression free (FT) limit while
dashed lines were computed with the axisymmetric (NT) limit.5
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stress fields elucidate that the σϴϴ collapses in the wrinkled zone under the FT regime.5
The full derivations of the NT and FT theories are provided elsewhere.5,6,30
Subsequent to the theoretical wrinkle wavelengths introduced by Cerda et al.,
further theoretical developments of the wrinkle numbers in different geometries were
conducted by Paulsen et al and Chang et al.51,55 They proposed a local λ law, to estimate
the wrinkle number (N) when the film is under the differential tensions:
𝜏𝜏𝛾𝛾𝑏𝑏𝑏𝑏𝑏𝑏ℎ 𝑎𝑎𝑎𝑎 1⁄4 log(𝐿𝐿⁄𝑟𝑟 )−1 1⁄2
) �
� (1.19)
4𝐵𝐵
log (𝐿𝐿/𝑟𝑟)

𝑁𝑁(𝑟𝑟) ≈ (

where γbath is the surface tension of liquid bath supporting the floating thin sheet, and r is
the radial distance.51 Furthermore, one can apply the additional gravitational cost, induced
by the deformation of water subphase supporting the wrinkled sheet, to the stiffness of the
sheet, then:

𝑁𝑁(𝑟𝑟) ≈

2

𝜏𝜏𝛾𝛾
𝑎𝑎 log(𝐿𝐿⁄𝑟𝑟)−1
𝜌𝜌𝜌𝜌+� 𝑏𝑏𝑏𝑏𝑏𝑏ℎ
�� log(𝐿𝐿⁄𝑟𝑟) �
4𝑟𝑟3
𝑟𝑟 �
𝐵𝐵

1/4

�

(1.20)

where ρ is the density of water and g is the gravitational acceleration. Further derivations
of equations 1.19 and 1.20 are provided elsewhere.51,55
In this dissertation, wrinkle lengths will be firstly obtained from the experiments
with different thickness and materials of the films. Young’s moduli of thin films will
further be calculated employing the FT theory and the obtained wrinkle lengths. Moreover,
wrinkle numbers will be characterized with image analyses for experimental observations,
followed by the theoretical predictions via the local λ law to determine theoretical accuracy
in comparisons with experimental results.
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1.5 Thesis Organization

In Chapter 2, I elucidate thickness dependence of Young’s modulus of thin films
via capillary wrinkling. A wide range of film thicknesses, t, less than the Rg to the bulk for
both Polystyrene (PS), 6.8 nm ≤ tPS ≤ 993.3 nm) and Poly(Methylmethacrylate) (PMMA),
7.2 nm ≤ tPMMA ≤ 545.1 nm, was employed to determine their mechanical properties via
the capillary force-induced wrinkling method.
In Chapter 3, I discuss the effect of bulk modulus, surface energy, and thickness on
wrinkle patterns and stretching and bending moduli of bilayer films using the capillary
wrinkling method. Four different types of bilayer films, PS (Top)/PMMA (Bottom),
PMMA /PS, PS /Gold, and Gold /PS, were constructed with a bilayer film thickness range
for PS/PMMA (33.6 nm ≤ tPS/PMMA ≤ 884.3 nm) and PS/Gold (54.5 nm ≤ tPS/Gold ≤ 495.2
nm). PS/PMMA and PS/Gold bilayer films were chosen to introduce high contrast in (i)
tension gradients using polymers with different water contact angles, θPS = 88° and θPMMA
= 68°, and (ii) bulk Young’s moduli, EPS = 3.4 GPa and EGold = 72 GPa. Based on these
different parameters, we demonstrate the difference in wrinkle patterns and mechanical
properties, especially bending and stretching moduli of the bilayer films.
In chapter 4, I investigate the mechanical reinforcement effect of gold nanoparticles
(GNPs)-embedded nanocomposites. To achieve this, the PS (Molecular weight, Mw: 124k)capped GNPs (diameter, D = 12.4 nm) were synthesized and introduced into the PS
matrices (Mw: 97k) with three different weight fractions (5, 9, and 13 wt%), covering a
broad range of composite film thicknesses, 30 nm ≤ t ≤ 150 nm. The capillary wrinkling
was employed to measure the composite moduli of the produced composite films.
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In Chapter 5, I demonstrate different classes of wrinkle patterns obtained from three
different thickness ranges in the PS films. Different modes of wrinkle patterns, (i) Double
mode (Wrinkles + Folds) (PS thickness, tPS ≤ ~ 50 nm), (ii) Single mode with perioddoubling (50 nm ≤ tPS ≤ 600 nm), and (iii) Single mode (tPS ≥ ~ 600 nm), were characterized
utilizing optical microscopy and Zygo™ optical profilometry to determine image and
height profiles. In addition, (i) a Wrinkle-to-Fold transition, (ii) Wrinkles + Crumples, and
(iii) Wrinkle aggregation were observed with the diameters of the placed drops on the PS
films greater than the capillary lengths.
In Chapter 6, a full summary of this dissertation is provided.
Experimental sections will be provided in the individual chapters.
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CHAPTER 2
†THICKNESS DEPENDENCE OF THE YOUNG’S MODULUS

OF POLYMER THIN FILMS
2.1 Introduction
As the size of devices and manufactured structures continues to shrink, the
mechanical properties of thin polymer films, an integral component of many flexible
devices, become increasingly important. The demands for the accurate characterization of
mechanical behavior of solution-processed films have grown, since novel data obtained
from delicate structures are applicable to state-of-the-art technologies, for example organic
semi-conductors, solar cell devices, coatings, and photoresists. However, whether the static
and dynamic properties change as the thickness of polymer films approaches molecular
dimensions or less, is still an open question. There have been numerous reports on the glass
transition temperature (Tg) as a function of film thickness, as measured by a variety of
techniques. 1,6,8-18, 20–22,37,38,63–79 Each of these techniques measures a specific property of
the film as a function of temperature, under a range of experimental conditions. Films have
been supported on hard and soft elastic substrates where interfacial interactions have been
varied, or they have been suspended in air and supported at the edges by a hard substrate.
Studies of polymer films floated on different liquid substrates with freely standing
conditions have also been conducted to determine the properties of Tg, elastic modulus,
compliance, strain, viscosity, and viscoelastic dewetting.10,73,83–87 Films have also been
prepared using a range of different conditions, including solution-casting and thermal

†This chapter has been adapted with permission from J. Chang, K. Toga, J. Paulsen, N. Menon and T.P.
Russell, “Thickness Dependence of the Young’s Modulus of Polymer Thin Films”, Macromolecules,
2018,51,17,6764-6770. Copyright (2018) American Chemical Society.
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annealing. A broad spectrum of results have emerged with some reports of significant
changes in Tg as a function of film thickness, arising primarily from interfacial (substrate
and air) effects that propagate into the film, while others report little change in the
properties of the thin films.
Here, we present measurements of the mechanical properties of PS and PMMA
films that are prepared by spin-coating and are freely floating on the surface of water.
Unlike a solid substrate, a fluid substrate exerts a uniform in-plane stress only at the
boundary of the film. We studied the wrinkling of a free-floating circular film on a water
surface with a droplet of water placed on the center of the film. The wavelength and length
of the wrinkles were used to determine the modulus of polystyrene and
poly(methylmethacrylate) thin films.4,5,28 The thickness of the films was varied over 2
orders of magnitude, for PS (from 6.8 nm to 993.3 nm), and PMMA (from 7.2 nm to 545.1
nm) where the molecular weights of the polymers were ~ 105 g/mol. Consequently, the
film thicknesses varied from ~ Rg/2 to ~ 100 Rg, i.e. from sub-molecular to the bulk. The
Young’s modulus did not change with thickness over the large range of film thicknesses
we used in our experiment.

2.2 Experimental Section

PS (Mw = 97 Kg/mol, Mw/Mn = 1.06, Rg ~ 10 nm, and Tg = 100°C) was purchased
from Polymer Source. PMMA (Mw = 99.6 Kg/mol, Rg ~ 9 nm, Tg = 115°C, and
syndio:hetero:iso content was 55:37:8) was purchased from Sigma-Aldrich. Both PS and
PMMA were used as received. The molecular weights of both polymers were selected to
be higher than the critical entanglement molecular weight (PS: 35 Kg/mol, PMMA: 29.5
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Kg/mol).88–90 PS and PMMA were dissolved in toluene (Anhydrous, 99.8%, SigmaAldrich) and anisole (Anhydrous, 99.8%, Sigma-Aldrich), respectively.
To produce smooth, uniform films with the desired thicknesses and minimal defects,
spin coating was used. Polymer solutions were spin-coated onto 3 cm × 3 cm pre-cut

polished silicon wafers with a native oxide layer (2 nm), using spinning speeds from 1000
to 9000 RPM for 60 seconds. The silicon wafer substrates were pre-cleaned using a carbon
dioxide snow-jet cleaner and UV-Ozone treatment (JElight, Model No.342) for 15 minutes.
The solutions were filtered through a 0.2 μm Whatman PTFE filter directly onto the
substrate to remove dust and other impurities. By varying the concentrations of the solution
(from 0.6 wt% to 10 wt%) and the spinning speed, a wide range of thicknesses of films
was obtained for both PS (6.8 nm ~ 993 nm) and PMMA (7.2 nm ~ 545.1 nm). PMMA
films were spin-coated in a relative humidity of less than 20%. The films were dried at
ambient conditions to fully remove solvent.
The spin-coated films were then cut into discs of varying diameters (W = 15 mm
to 45 mm), using a tungsten carbide cutting tool and floated onto the surface of water. A
small water droplet (0.3 μl) was initially placed at the center of the floating sheet with a
glass microsyringe. Wrinkle patterns were formed rapidly, with the number and length of
wrinkles determined in tens of milliseconds after the water droplet was applied.28 The
volume of water was increased in 0.2 μl increments from 0.2 ~ 0.3 μl until the total volume
of the water droplet was between 0.9 and 1.1 μl. The resulting wrinkle pattern generated
by the drop was captured with an optical profilometer (Zygo) and a stereo microscope
(Olympus SZ 40) equipped with a digital camera (Nikon D7100). These images were
analyzed using ImageJ and Matlab to determine the number and the length of the wrinkles
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with high precision. To measure the thickness, the floating films were retrieved with a
silicon wafer, dried completely under vacuum at room temperature, and the thickness was
measured with an interferometer (Filmetrics F20-UV) with a resolution of 1 nm. Scanning
probe microscopy was used to confirm these measurements.
Figure 1 (a-d) shows wrinkle patterns for 669.3 and 6.8 nm thick PS films, and 533
and 16.3 nm thick PMMA films floating on the surface of water after placing water droplets
at the center of the films. For both PS and PMMA, decreasing the thickness, t, leads to an
increase in the number and a decrease in the length of the wrinkles, consistent with previous
studies.4,5,28 When the sheet is placed on the surface of water, it experiences a radial tensile
stress at the boundary due to the air-water surface tension (γ), and is thus everywhere in
tension. When a drop is placed on the sheet, it exerts a different radial tension at the 3phase contact line at the edge of the drop. The leads to a region of compressive hoop stress
(σθθ < 0) around the drop. If this exceeds the critical compressive stress threshold for
buckling in the azimuthal direction, wrinkles form in a region a<r<a+L in which a is a
radius of a drop and L is the length of wrinkles. For the thickness range of our films, we
are far above this threshold, and the formation of wrinkles erases the compressive stress in
the wrinkled region. Relevant theoretical calculations for this so-called far-from-threshold
regime have been presented elsewhere.6,41,55
As we will describe in the next section, the length, L, of the wrinkles depends on
the liquid-vapor surface tension (γ), the contact angle of the drop, and the stretching
modulus, Y= Et, where E is Young’s modulus and t is the thickness of a film.5,6 The
number, N, of the wrinkles depends on the elastic properties of the film through the bending
2

modulus, 𝐵𝐵 = Et 3 /12(1 − Λ ) where Λ is the Poisson ratio. Given the film thickness, we
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can thus determine the Young’s modulus, E, of the film from two different measurements
of the number of wrinkles or their length in different films. The length of wrinkles is more
sensitive to the Young’s modulus than the number of wrinkles.

Figure 2.1. Wrinkle patterns in (a) a PS sheet (669.3 nm), (b) an ultrathin PS sheet (6.8
nm), (c) a PMMA sheet (533 nm), and (d) an ultrathin PMMA sheet (16.3 nm). Droplet
volumes in (a-d) are 0.9, 0.7, 0.5 and 0.7 μL, respectively. Lengths of scale bars are 1
mm.
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2.3 Data Analysis
2.3.1 Estimation of the Length of Wrinkles Using a Far From Threshold (FT)
Analysis of the Wrinkling Instability.5
Recent theoretical work has provided the relationship between L and the experimental
parameters in the far-from-threshold (FT) regime of the wrinkling instability.

5,6

In that

work, the Lamé solution for an annulus under different tensile radial stresses was used to
calculate stress components in radial (σrr) and hoop (σƟƟ) directions to estimate the length
of the wrinkles:
𝐿𝐿 =

𝜏𝜏 ≈

𝜏𝜏𝜏𝜏
2

𝛾𝛾

(a<r<a+L) (1)
(

3 sin2 𝜃𝜃 1

𝛾𝛾𝑏𝑏𝑏𝑏𝑏𝑏ℎ 10 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

)3

(2)

where γ is the surface tension of the water drop, γbath is the surface tension of the water
medium supporting the floated polymer film, θ is the contact angle of the liquid drop with
the thin film, and x = (γ/Et). The confinement parameter, τ, is defined as τ ≡

𝜎𝜎𝑟𝑟𝑟𝑟 (𝑜𝑜)�
𝛾𝛾 where

𝜎𝜎𝑟𝑟𝑟𝑟 (𝑜𝑜) is the 2D radial stress outside of the contact line between water droplet and the film.
4,5,28,52

Equations (1) and (2) were used with x = (γ/Et) to calculate the solid line shown in

Figure 2(a) and 3(a) where EPS = 5.9 GPa, 6.8 nm ≤ tPS ≤ 993 nm, γ = γbath = 72 mN/m, and
θPS = 88o for water on PS in Figure 2(a) and EPMMA = 4.6 GPa, 7.2 ≤ tPMMA ≤ 545.1 nm, γ
= γbath = 72 mN/m, and θPMMA = 68o for water on PMMA in Figure 3(a). Young’s moduli
of PS and PMMA, EPS and EPMMA, as a function of film thickness, t, were calculated
applying equations (1) and (2) with x = γ/Et in Figure 2(c) and 3(c), using the Nsolve
function in Mathematica to solve for the value of the Young’s modulus, with the same
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values for the other system parameters as reported above. Here, the L/a values for PS and
PMMA were obtained using image analysis with Matlab.

2.3.2 Estimation of the Number of Wrinkles by the Local λ Law.5
When the dominant source for the stiffness against wrinkling is the tension in the
film, then a recent theoretical treatment, which we call the local λ law, 55 predicts for the
number of wrinkles:
𝜏𝜏𝛾𝛾𝑏𝑏𝑏𝑏𝑏𝑏ℎ 𝑎𝑎𝑎𝑎 1⁄4 log(𝐿𝐿⁄𝑟𝑟 )−1 1⁄2
) �
� (3)
4𝐵𝐵
log (𝐿𝐿/𝑟𝑟)

𝑁𝑁(𝑟𝑟) ≈ (

where r is the radial distance, 𝜏𝜏 is the confinement parameter expressed in equation (2), a

is the radius of a droplet, B is the bending modulus, and L is the length of the wrinkle
determined using the confinement parameter, 𝜏𝜏. If this formula is modified to include
stiffness due to the gravitational cost of deforming the water substrate, then:

𝑁𝑁(𝑟𝑟) ≈ 𝑟𝑟 �

2

𝜏𝜏𝛾𝛾
𝑎𝑎 log(𝐿𝐿⁄𝑟𝑟)−1
𝜌𝜌𝜌𝜌+� 𝑏𝑏𝑏𝑏𝑏𝑏ℎ
3 �� log(𝐿𝐿⁄𝑟𝑟) �
4𝑟𝑟

𝐵𝐵

1/4

�

(4)

where the density of water, ρ = 1000 kg/m3 and gravitational acceleration, g = 9.81 m/s2.
This formula depends on radial position; we evaluate it at r = (a+L)/2, that is at half the
length of the wrinkle. We note that the theory is approximate, in that it does not address
the elastic boundary layers at the contact line and the wrinkle tip (r = a and r = L) as we
discuss later. Furthermore, the tension is not uniform in the radial direction, but these
formulae make the first approximation of using the local value of tension rather than
including terms that explicitly involve the spatial gradient of the stiffness. To obtain the
lines in Figure 2(b) and 3(b), the parameters, a = 1 mm, EPS = 3.4 GPa, EPMMA = 3.0 GPa,
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Λ= 0.34, γ = γbath = 72 mN/m, θPS = 88o, θPMMA = 68o for water, and t = 3.75 ~ 5000 nm for
both PS and PMMA, were applied to equations (3) and (4).

2.3.2.1 Notation and Definitions for the Local λ Law.5
Sheet: The bending modulus of the sheet is B = Et3/ [12(1 −Λ2)] (with E the
Young’s modulus, t the sheet thickness, and Λ the Poisson ratio). The stretching modulus
of the sheet is Y = Et. The interfacial tension of the droplet and the bath are γ and γ’,
respectively. Additionally, we define the dimensionless parameters γ̃ = γ/Y and γ̃’ = γ’/Y.
Geometry: Lengths are measured from the center of the droplet in polar coordinates,
(r, θ). The contact line of the drop is located at r = a. Wrinkles extend radially on both
sides of the contact line. Here we address the wrinkles on the portion of the sheet outside
the drop; these wrinkles extend from r = a to r = L, so the wrinkle length is L − a. The
radial displacement and stress fields are denoted by ur (r, θ) and σrr (r, θ), respectively. In
the far-from-threshold framework,5,6 wrinkles completely relax hoop stresses in the
wrinkled zone, i.e., σθθ (r, θ) = 0 for a < r < L.

2.3.2.2 Local λ Law 5
Wrinkle wavelength is determined by a local balance of the bending rigidity of the
film with an effective substrate stiffness, which may come from a physical substrate
(elastic or fluid), an applied tension, the curvature along the wrinkles, or a combination
thereof.55 In particular,
λ = 2π �

B

Keff

1/4

�
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,

(1)

where the effective stiffness is given by Keff (x) = Ksub + Ktens + Kcurv. General
expressions for these three terms are given, which extended the understanding of uniform
wrinkles on otherwise planar sheets to the general case of non-uniform wrinkles in curved
geometries. In the present case, the wrinkles are dominated by tension, so:
Φ′(r) 2

Keff (r) ≈ Ktens(r) = σrr(r) �
� ,
Φ(r)

(2)

where Φ(r) is a function that is related to the excess material buckled into wrinkles, which
we will define below. 2,55
The radial tension in the sheet arises from two liquid-vapor contact lines. The outer
boundary of the sheet is pulled with a tension per unit length that is equal to the air-bath
surface tension, γ’ . The force balance at the contact line of the drop is more subtle and
is derived in ref. 5.5 The end result is that the drop exerts a tension per unit length σrr(a+)
= τγ ’ , where τ is a dimensionless prefactor that is determined by numerically solving the
Föppl-von Kármán equations. (Its behavior as a function of the properties of the drop and
the sheet is shown in Fig. 2a of ref. 5.5)
Within the wrinkled region where the hoop stress vanishes, radial force balance
implies that σrr is proportional to 1/r. Hence, the radial stress follows:
𝜎𝜎𝑟𝑟𝑟𝑟 (𝑟𝑟) = 𝜏𝜏𝛾𝛾 ′ 𝑎𝑎/𝑟𝑟.

(3)

Wrinkles gather the total excess azimuthal length ∆(r), corresponding to a fractional
excess length ˜∆ (r) = ∆(r)/2πr. In general, the amplitude of wrinkles, f (r), and their
wavelength, λ(r) = 2πr/m, are related to this excess length by a “slaving condition”. In
this radial geometry,
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Φ(r) ≡

m2 f2
4

∝ r 2 ∆�(r).

(4)

The righthand side of Eq. 4 is known for the case of an annular film subject to tensions on
its inner and outer boundaries (Eq. 3 of ref. [91]91). Applied to the scenario of a drop
on a sheet,
Φ(r)2 = 𝜏𝜏𝛾𝛾�′𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎(𝐿𝐿�𝑟𝑟).

(5)

In possession of Φ(r) and σrr(r), we can compute Keff (r) through Eq.2. We find:
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 (𝑟𝑟) ≈

𝜏𝜏𝛾𝛾′ 𝑎𝑎
4𝑟𝑟 3

�

𝐿𝐿

log�𝑟𝑟�−1

2

� .

𝐿𝐿

log�𝑟𝑟�

(6)

Inserting this effective stiffness into the “local-lambda law”, Eq.1, we obtain the wrinkle
wavelength versus r:
1⁄2
4𝐵𝐵𝑟𝑟 3 1⁄4 log(𝐿𝐿⁄𝑟𝑟 )
) �
� .
log (𝐿𝐿/𝑟𝑟)−1
𝜏𝜏𝜏𝜏′𝑎𝑎

𝜆𝜆(𝑟𝑟) ≈ 2𝜋𝜋(

(7)

Using N (r) = 2πr/λ(r), we find for the number of wrinkles a distance r from the origin:
𝜏𝜏𝛾𝛾𝑏𝑏𝑏𝑏𝑏𝑏ℎ 𝑎𝑎𝑎𝑎 1⁄4 log(𝐿𝐿⁄𝑟𝑟 )−1 1⁄2
) �
� .
4𝐵𝐵
log (𝐿𝐿/𝑟𝑟)

𝑁𝑁(𝑟𝑟) ≈ (

(8)

We note that this expression diverges at the edge of the wrinkled zone, r = L. In
a full treatment of the problem, this divergence would be cut off by a boundary layer at
the end of the wrinkles. To complete the analysis, we require expressions for L and τ.
Minimization of the stretching energy gives:
L = 𝜏𝜏𝜏𝜏�2. 6

(9)

An asymptotic expansion for τ in the limit of small γ̃ gives:
𝜏𝜏 ≈

𝛾𝛾

𝛾𝛾
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,

(10)

where ϑY is the equilibrium contact angle of the liquid on an undeformed film in air. For
our experiments on polymer films with thicknesses ranging from 6.8 to 993 nm (PS, E =
3.4 GPa) and from 7.2 to 854 nm (PMMA, E = 3.0 GPa), γ̃ ranges from 2.1 × 10-5 to 3.3
× 10-3. 5 Thus, we are well within this asymptotic regime.
Equations 8, 9, and 10 give precise predictions for the wavelength of wrinkles
emanating from a liquid drop on a floating sheet. Although a significant radial dependence
is predicted, such behavior is not seen in our experiments or in previous studies.4 This
could be due to multiple factors that go beyond the present theoretical treatment,
including: (i) the boundary layer at the edge of the wrinkled region (r = L), (ii) the
cascade at the contact line of the drop (r = a), and (iii) the effects of non-negligible
gradients in the substrate stiffness. We thus focus on the wrinkle wavelength predicted at
the circle halfway between the two boundaries: r = (a + L)/2.
Figure 2.2 shows the wrinkle number, N, at this mid-circle, calculated for a drop

Figure 2.2. N versus t for a droplet of radius a = 1 mm on a PS film (E = 3.4 GPa, =
0:34, ϴY = 90). The four curves show: (i) the local-lambda law with only stretchinginduced stiffness, Ktens, (ii) the local lambda law with Ktens and gravitational stiffness, Ksub
= g, (iii) the calculation from Tayor et al., and (iv) the scaling from Huang et al., N =
2500(a [mm])1/2(t [nm])3/4.4,7 Both local-lambda law curves are calculated at the midcircle, r = (a + L)/2.
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of radius a = 1 mm on a PS film, as a function of thickness, t. (We note that there is a
divergence of N at τ = 2 when the wrinkled zone is predicted to vanish, i.e., a = L. For the
parameters chosen here, this divergence occurs at a thickness t = 2.75 nm.) Our results
are comparable to a recent prediction based on global energy minimization that takes into
account the boundary layer at r = L (shown for Λ = 0.5), but they are systematically lower
than the empirical scaling from ref. 4.4,7 Neither calculation takes into account the cascade
at the contact line of the drop, which has not yet been addressed theoretically in this
setting.

31

2.4. Results and Discussion

To measure wrinkle lengths, images of the wrinkle patterns were obtained by two
different methods (stereo microscopy and optical profilometry), and were analyzed using
Matlab to extract the wrinkle lengths. Normalized wrinkle profiles, ζ(r), determined as a
function of the normalized wrinkle lengths by the two methods, are shown in Figure 2.3.(a).
The lengths track each other as the variables (thickness, material, drop radius) are changed,
but the values of L measured by the optical profilometer were consistently ~ 10% larger
than those determined by stereo microscopy (Figure 2.3.(b)).

Figure 2.3. (a) Normalized standard deviation of the intensity (ζ (r)) of wrinkle profiles
on an identical 109 nm of a PS film versus normalized length of wrinkles (L/a). The
optical profilometer data (red) was obtained from an actual height map while the stereo
microscope data (blue) was obtained from light intensity. A solid-dotted line (black) is a
cut-off plot at the normalized length of wrinkle (L/a) values of 3.6. (b) Normalized length
of wrinles obtained from the Zygo optical profilometer, L=aHeight, versus normalized
length of wrinkles observed by the stereo microscope, L=a, Intensity. Data is for PS.
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Figure 2.4 (a-c)

(a)

(b)
)

(c)

Figure 2.4 (a) Normalized length of wrinkles (L/a) versus thickness of PS. A solid line is
obtained from equation (1). (b) Number of wrinkles (N) versus thickness of PS. A
dashdotted line is obtained from an equation (3) and a dashed line is obtained from an
equation (4). (c) Young’s moduli of PS (Eps) obtained via the length of wrinkles versus
thickness of PS, measured by solving equation (1) for Eps.
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Figures 2.4 (a-c) show the thickness dependence of the length of wrinkles (L), the
number of wrinkles (N), and the calculated Young’s modulus for PS. Three different
diameters (W = 15, 23, and 45 mm) were investigated to eliminate artifacts arising from
the finite size of the sheets in comparison to the wrinkle length. The data from the three
sets did not differ significantly. The thickness of the PS films ranged from 6.8 to 993.3 nm,
i.e. from sub-Rg in thickness to effectively bulk values. The solid line in Figure 2.4 (a)
shows the predicted wrinkle length (L/a) as a function of the film thickness (t), calculated
using equations (1) and (2) with EPS = 5.9 GPa. This trend of the stiffening in glassy
polymer films is also suggested by Page et al., Tweedie et al., and O’Connell et al.49,92–94
The deviation of the calculated Young’s modulus, EPS = 5.9 GPa, from the bulk modulus
of PS, EPS=3.4 GPa, may be due to two subtle physical effects not included in the
calculation. The first is that the wrinkles do not end sharply at a point. A boundary layer
where the wrinkle tip meets the flat part of the wrinkle is ignored.6 Second, the boundary
conditions at the contact line, where the wrinkles meet the edge of the droplet, are complex
and not easily modelled.28 We do not expect these systematic effects to influence the
determination of the thickness dependence of the modulus.
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Figure 2.5 (a-c)

(a)

(b)

(c)

Figure 2.5 (a) Normalized length of wrinkles (L/a) versus thickness of PMMA. A solid line
is obtained from equation (1). (b) Number of wrinkles (N) versus thickness of PMMA. A
dashdotted line is obtained from an equation (3), and a dashed line is obtained from an
equation (4). (c) Young’s moduli of PMMA (Epmma) obtained by the length of wrinkles
versus thickness of PMMA, measured by solving equation (1) for Epmma.
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The results from the wrinkle patterns and the Young’s Modulus obtained for freefloating films of PMMA sheets are shown in Figure 2.5 (a-c). The thickness of the films
range from 7.2 nm to 545.1 nm with two different sheet diameters (W = 15 mm and 23
mm) being used to detect edge and finite size effects. Similar to the results for PS films,
the normalized length (L/a) versus thickness (t) results for the free-floating PMMA films,
over the entire thickness range investigated, could be described using equation (1) and (2)
in Figure 2.4 (a), with a modulus of 4.6 GPa. This departs from the bulk value of the
Young’s modulus of PMMA, EPMMA = 3.0 GPa. Here too, the physical effects described
above are not included in the calculation.
The number of wrinkles, N, as a function of film thickness, t, for PS and PMMA
are exhibited in Figure 2.4 (b) and 2.5 (b), respectively. Here, we plot the theoretical
predictions using the bulk values of the Young's moduli for these materials (EPS = 3.4 GPa
and EPMMA = 3.0 GPa, respectively). The data are consistent with no change in the Young’s
modulus as a function of t, as shown by the comparison with equation (3) and (4) for
calculating the N versus t in Figure 2.4 (b) and 2.5 (b). The underestimations of the local λ
law shown in both Figure 2.4 (b) and 2.5 (b) patterns might be caused by the existence of
non-negligible gradients in the substrate stiffness, or the ignored boundary layers at the
unclear wrinkle end (r = L) and contact line between the water droplet and the polymer
film (r = a), which could be significantly varied depending on the thickness of the polymer
films.
Using equations (1) and (2), the thickness dependence of Young’s moduli of PS
and PMMA was calculated in Figure 2.4 (c) and 2.5 (c), respectively. As can be seen, over
the broad range of film thicknesses investigated from sub-Rg to the bulk, the values of
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Young’s modulus, E, estimated from the wrinkle length, L, do not show a systematic
dependence on film thickness for PS and PMMA, with at most a slight increase at the
smallest thicknesses in the case of PS. We will return to these observations, and place them
in the context of other data. It is important to note that the wrinkle pattern measured from
the PMMA films floated on water for an hour did not change with time, indicating that the
adsorbed water did not affect the wrinkle patterns or the Young’s moduli inferred from
these data.
For both PS and PMMA thin films, polymers with bulk glass transitions
temperatures of 100oC and 115oC, respectively, the Young’s moduli of the polymers as a
function of film thickness determined from the wrinkle patterns (Figure 2.4 (c) and 2.5 (c))
are in agreement with the bulk values of these polymers in the glassy state. These results
indicate that the glass transition temperature of the thin films, even for films that are less
than Rg in thickness, must be much higher than the measurement temperature. It is
remarkable that this holds even for films thin enough that the polymer chains must be
compressed in the direction normal to the film surface. Previous studies have shown that,
in the plane of the film, the Rg of the polymer is the same as that in the bulk.95 The volume
pervaded by a single chain is Vp = A<Rg2>3/2 =A'(M/m)3/2b3 where M is the molecular
weight of the polymer, m is the monomer molecular weight, b is the size of a segment and
A and A' are constants. The occupied volume of the chain is given by Vo=(M/m)Vs, where
Vs is the segment volume. The entanglement molecular weight is defined by the molecular
weight where Vo/Vp is constant. When the thin films are under strong confinement, less
than Rg, and if we assume that the average shape of the volume pervaded by the polymer
chain is an oblate ellipsoid in the thin films, then for films of thickness ~ Rg/2, the
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entanglement molecular weight is doubled, approaching the molecular weight of the
polymers used in this study. The results from these wrinkling experiments show only a
slight increase in the Young’s modulus for very thin PS films. For PMMA, no indication
of a change in the modulus is observed. If there is a slight increase in the modulus for PS
at ambient temperature, this indication of stiffer ultrathin polymer films would agree with
Page et al. Tweedie et al, and O’Connell et al.49,92–94 Page et al. established a composite
model with experimental results, showing the stiffening effect of polymer films when the
thickness of the film is less than 5 ~ 10 Rg, Tweedie et al. argued that the apparent stiffness
increases up to 200% as the contact depth (hc) of an indentation probe, which induces a
hydrostatic pressure under the probe, decreases less than 20 nm using nanoindentation
measurement, while O’Connell et al. reported that the glassy compliances of 4.2 nm and
9.1 nm of polycarbonate films and 11.3 nm and 17.1 nm of a polystyrene film were
stiffened 2 ~ 2.5 times in freestanding states with the bubble inflation method.49,92–94 The
arguments proposed by, Page et al., Tweedie et al. and O’Connell et al., however, would
not be expected to apply here, since there is no composite, solid substrate, or high
deformation rate. While the total number of chains contacting the interfaces does not
increase with decreasing film thickness, there is an increased probability that individual
chains span across the film and have multiple contacts with the interfaces. With an increase
in the entanglement molecular weight (based on Vo/Vp) due to confinement, a stiffening of
the confined polymer chain or an increase in the Young’s modulus for ultrathin films is
understandable. It is even more striking that no change in the modulus was observed for
PMMA films close to and less than Rg in thickness.
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Figure 2.6 (a-c)

(a)

(b)

(c)

Figure 2.6. (a) Compliance of PS versus thickness, (b) Young’s moduli of PS (Eps) versus
thickness, and (c) Young’s moduli of PMMA (Epmma) versus thickness.
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We also calculated the compliance for thin films of PS and PMMA from the
modulus, and compared these to results in the literature10,18,50,19,33,96,97 as shown in Figure
2.6 (a), 2.6 (b), and 2.6 (c), respectively. To directly compare the data to bulk PS
compliance results obtained by Plazek, all the literature and the experimental data obtained
were converted from the Young’s modulus to the compliance in Figure 2.6 (a).96 As can be
seen, the compliance data obtained from the wrinkle experiments, for PS and PMMA films
with thicknesses from less than 10 nm up to the bulk, are similar to the glassy uniaxial
compliance results, D, converted from the shear compliance value, J = 3D, for bulk PS by
Plazek, ~ 3.1 × 10-10 Pa-1 (indicated by dashed line).93,96,98 The Young’s moduli data
determined by the length of wrinkles from both PS and PMMA, on the other hand, show

clear deviations from the literature. This indicates that the Young’s modulus of PS
increases when the thickness of PS film is ~ Rg (Figure 2.6 (b)) and the Young’s modulus
of PMMA does not change (Figure 2.6 (c)) as opposed to the data from the literature which
indicate a decrease of Young’s moduli when the thickness of PS and PMMA is less than
25 nm or greater.

10,18,97

We argue that the gentle nature of the capillary force induced
2⁄3

wrinkling, i.e. 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜎𝜎(𝑟𝑟 = 𝑎𝑎) = 𝜏𝜏𝜏𝜏/𝑡𝑡 ~ (𝛾𝛾⁄𝑡𝑡)

𝐸𝐸 1⁄3 ~ 38 MPa,5 may contribute to

these differences, since the polymer film becomes extremely brittle with a decrease in the
film thicknesses (~ Rg) at a point where the effective entanglement molecular weight starts

to increase.82,99 Page et al. also observed similar phenomena under small strains (ε ≤ 5%)
with PFSA membranes but our data do not agree with their model, which suggests that an
increase in E occurs for a thickness from 5 ~ 10 Rg.49
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2.5. Conclusion

We measured the number and the length of wrinkles generated by capillary forces
in films of PS and PMMA. From these data we extracted the mechanical properties for film
thicknesses ranging from sub-Rg to the bulk. The mechanical properties for both PS and
PMMA were found to be independent of thickness down to ~ 10 nm, though, for the
thinnest sub-Rg thick PS film, a slight increase in the modulus was observed.
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CHAPTER 3
†STRETCHING AND BENDING MODULI OF BILAYER FILMS INFERRED

FROM WRINKLE PATTERNS
3.1 Introduction

Due to the rapid growth in demand for small-scale devices, multilayer nanoscale
structures have been used extensively as one of the pivotal elements in the design and
performance of devices. The accurate determination of mechanical properties of those
multi-layer films, therefore, has also become essential. Elucidation of the strength and the
reliability of these devices with current nanotechnologies has been extremely challenging.
This is of importance for the design, processing, testing, and packaging of mobile and
flexible electronic devices, semi-conductors, photoresists, solar cells, and coatings.
Different organic, polymeric, polymer-metal, polymer-inorganic, or inorganic-metal
hybrid materials have been used in these devices to enhance performance and rigidity
simultaneously, yet, understanding which properties, e.g. surface energies or Young’s
moduli, dictate the mechanical behavior is limited. Numerous nanoscale thin film
experiments using a wide range of techniques have been reported. 1-36 Most have focused
on the variation in glass transition temperature (Tg) or Young’s modulus as a function of
film thicknesses.16,17,21-23,37-39,66,67,71,76,77,84,90,95,98,104–107 Results on Tg experiments have
been varied.2,6,9–11,24,31,32,37,42,51 Experimental results on the Young’s modulus of single
layer films have dominantly indicated a decrease in the elastic modulus when the thickness
of the film was less than a certain thickness, depending on the experimental techniques
used.17–19,33,49,111,112 To remove residual and shear stresses, studies have also been
†This chapter has been adopted from J. Chang, N. Menon, and T.P. Russell, “Stretching and Bending
Moduli of Bilayer Films Inferred from Wrinkle Patterns. The manuscript to be submitted in 2019.
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conducted on different liquid substrates to measure dewetting, compliance, Tg, elastic
modulus, strain, and viscosity.10,73,83–87
Here, we investigated the influence of surface energies and bulk moduli on wrinkle
patterns and the stretching (Y) and bending (B) moduli of unconstrained and stress-relaxed
PS/PMMA and PS/Au bilayers using capillary wrinkling and a Far-from-Threshold (FT)
analysis of the wrinkling instability.5 The thicknesses of bilayer films used for the
experiments were varied from 34 nm to 884 nm for PS/PMMA films, and from 49.6 nm to
495 nm for PS/Au films. The ratio of the thickness of the two layers in the film was also
varied over a large range. For both types of films, capillary forces were generated on either
surface, with the PS or the PMMA surface exposed to the drop in one case, and the PS or
surface in the other case. Our principal result is that the bending (B) and stretching (Y)
moduli of the films inferred from the observed length and number of wrinkles in the
wrinkle pattern, compare reasonably with the effective B and Y calculated by taking the
appropriate thickness average of the Young’s modulus of the individual layers. Within the
range of thicknesses measured in our experiment, there was no evidence of deviation from
the bulk values of the elastic modulus except for the thinnest Au/PS bilayer films with B ≤
10-12 N·m, as supported by earlier measurements.51

3.2 Experimental Section

PMMA (Mw = 99.6 Kg/mol, syndio:hetero:iso content was 55:37:8) and
poly(acrylic acid) (PAA) solution (Mw ~ 100 Kg/mol, 35 wt% in water) were purchased
from Sigma-Aldrich. PS (Mw = 97 Kg/mol, Mw/Mn = 1.06) was purchased from Polymer
Source. Gold pellets (1/4” Diameter × 1/4” Length, Purity 99.999%) were purchased from
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Kurt J. Lesker. PS and PMMA were used without further purification. PS was dissolved in
either toluene (Anhydrous, 99.8%, Sigma-Aldrich) or 1-chloropentane (99%, SigmaAldrich) to produce concentrations varying from 0.8 to 7 wt %. PMMA was dissolved in
anisole (Anhydrous, 99.8%, Sigma-Aldrich) to produce concentrations of PMMA ranging
from 0.8 to 6 wt%.113
To construct PS/PMMA bilayer films, a sequential spin-coating method was used,
generating smooth bilayer films. This is possible since 1-Chloropentane is a good solvent
for PS but a non-solvent for PMMA. Squares (3 cm × 3cm) of silicon (100) wafers with a
250 nm oxide layer were cleaned by a carbon dioxide snow jet and UV-Ozone (JElight,
Model No.342) for 10 minutes before use. Solutions were filtered through a 0.45 μm
Whatman PTFE filter to remove impurities and then directly applied to the substrate
surface. Different spin-coating speeds (1200 to 4000 rpm) were used to vary the bilayer
thicknesses (47.5 nm to 810.4 nm). The spin-coated films were dried at ambient conditions
for 2 days to remove residual solvents. A different, water-transfer method was also used to
create PMMA/PS bilayer films. PS and PMMA films were separately spin-coated on precleaned silicon wafers. The spin-coated and dried PMMA film was floated onto the surface
of water and retrieved by the silicon wafer coated with the dried PS film. The bilayer films
were dried at ambient conditions to remove residual water before measurements.100
Various concentrations of solution (0.6 wt% ~ 5.5 wt%) and the wide range of spinning
speeds (1200 rpm ~ 4000 rpm) were used to vary the total thicknesses of the PMMA/PS
and PS/PMMA (33.6 nm to 884.3 nm) bilayer films.
PS/Au bilayer films were obtained by spin-coating and thermal evaporation.
Different concentrations of PS were dissolved in toluene (1.8 ~ 5.5 wt%), filtered, and spin-
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coated onto pre-cleaned silica substrates at varying spinning speeds (1000 to 6000 RPM)
to control the thicknesses of the PS layer. The spin-coated PS films were then dried at
ambient conditions. Au films were thermally evaporated onto either pre-spin-coated PS
films or PAA spin-coated silica substrates. 35 wt% PAA water solution was diluted to 5
wt% with D.I water and spin-coated onto pre-cleaned silicon wafers at 2000 RPM to
construct a 100 nm thick PAA film. The PAA film was baked at 140 °C for 1.5 mins to
remove residual water in the film. Gold was evaporated onto the baked PAA film using
physical vapor deposition to construct PS/Au bilayer films. This step is necessary due to
the poor binding between the silica and the thermally evaporated gold film. In this case,
the thickness of the Au layer was held fixed at 20 nm (EAu = 72 GPa) since the wrinkle
pattern could easily reach the edge of the sample with Au films thicker than 20 nm.
Bilayer films were cut into a 15 mm diameter (W = 15mm) disks using a tungsten
carbide scribe and floated onto the surface of water. A 0.2~ 0.3 μl water droplet was placed
at the center of the floating bilayer film with a microsyringe (Hamilton, CAT#80383). The
volume of the droplet was then increased in 0.2 μl increments up to ~ 1 μl. Images of the
resultant wrinkle patterns at each droplet size were taken with a digital SLR camera (Nikon
D 7100) mounted on a stereo microscope (Olympus SZ 40). The images were analyzed
using ImageJ and Matlab to measure the length of wrinkle accurately. After measurement,
the bilayer film was retrieved by a silicon substrate with a 250 nm thick SiO2 layer and
dried for 2 ~ 3 days to remove all the residual water. The film thickness of the dried bilayer
films was determined by Filmetrics F20-UV spectral reflectance interferometer.
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Figure 3.1 (a-d)

Figure 3.1 Wrinkle patterns on (a) a PMMA (top)/PS (bottom)(M/PS) thin sheet (t total=
49.2 nm), (b) a PS (top)/PMMA (bottom) (PS/PM) sheet (t total= 392.3 nm), (c) an Au
(top)/PS (bottom) (Au/PS) thin sheet (t total= 62.9 nm), (d) a PS(top)/ Au (bottom)
(PS/Au) sheet (t total= 453.7 nm). Scale bars are 1 mm.
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3.3 Data Analysis
3.3.1 Bending and Stretching Moduli of Bilayer Films

The predicted bending (B) and stretching (Y) moduli for the single and bi-layer
films were determined from:

𝐵𝐵𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐵𝐵𝐵𝐵𝐵𝐵 =

𝐸𝐸𝑡𝑡 3

2

(1-1)

12(1−Λ )

𝐸𝐸1 (𝑡𝑡13 +3𝑡𝑡1 𝑡𝑡22 )+𝐸𝐸2 (𝑡𝑡23 +3𝑡𝑡12 𝑡𝑡2 )
12(1−Λ Λ )

(1-2)

1 2

𝑌𝑌𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐸𝐸𝐸𝐸 (2-1)

𝑌𝑌𝐵𝐵𝐵𝐵 = 𝐸𝐸1 𝑡𝑡1 + 𝐸𝐸2 𝑡𝑡2 (2-2)
where E is the Young’s modulus, t is film thickness, Λ is Poisson’s ratio for the single layer
film.114,115 Subscript 1 indicates the top layer of a bilayer film while subscript 2 is for the
bottom layer.
These formulae assume that (i) there are no finite-thickness effects and that the bulk
value of Youngs modulus applies to the thin film, (ii) the films are well-bonded to one
another, with no relative displacement at the interface between the films, (iii) the surface
on which the capillary force is applied is unimportant. These assumptions will be tested
by the comparing the predictions with experimentally inferred values of B and Y.
The relevant bulk material properties for our materials are EPS = 3.4 GPa, EPMMA =
3.0 Gpa, EAu = 72 Gpa, Λ PS or PMMA = 0.34, ΛAu=0.42. The thicknesses of the films were
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varied considerably in our experiments: tsingle PS, PMMA, or Au = 2.75 ~ 5000 nm, and tbi_Au ~
20 nm.

3.3.2 Extracting Bending and Stretching Modulus from Wrinkling Patterns

We compare theoretical predictions against B and Y inferred from measurements
of the number, N, and length, L, of the wrinkle pattern. The normalized length of the
wrinkles, L/a, was obtained by image analyses using Matlab while the number of wrinkles,
N, was characterized with ImageJ and Python.
Wrinkles are produced wherever there is a compressive stress in the film. The film
experiences a tension equal to the air-water tension (γ) at its edge. There is a further outof-plane external air-water tension (γ) at the contact line. These differential radial tensions
lead to a compressive tension σθθ in the azimuthal, or hoop, direction.6 This compression
leads to the formation of wrinkles. The Far-from-threshold predictions for length shown in
equation 5 are based on the assumption that to first order, the wrinkles come at no energetic
cost (B=0) and relax the compressive stress completely (σθθ=0).5 Thus, the length of the
wrinkles depends purely on Y in this approximation. At the next level of approximation,
the finite cost of wrinkling due to a finite B is balanced against the energetic cost of
deforming the subphase (gravity) and pulling against the radial tension. Thus, the number
of wrinkles depends on B, and on the overall radial state of tension.
Within this framework, the length of wrinkles, L, in the Far-from-Threshold (FT)
regime was determined as described elsewhere.5,6,51 The hoop (σƟƟ) and radial (σrr) stresses
were calculated from the Lamé solution in a disc geometry under radial stress conditions,
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and from this the length L of the wrinkles is predicted as a function of the applied capillary
stress

𝐿𝐿 =

𝜏𝜏𝜏𝜏
2

(3)

where τ is the confinement parameter given in eqn.5 and a is the radius of the water droplet
on the film.
As previously reported, the number of wrinkles can be theoretically approximated
using the local λ law which estimates the wrinkle number as a function of the stiffness of
the floating film under tension.51,55 The theory incorporates both gravitational forces and
the tension applied to the film as rigidity terms opposing the deformation of the film to
predict N(r), the number of wrinkles as a function of radial distance from the contact line:

𝑁𝑁(𝑟𝑟) ≈

𝜏𝜏𝛾𝛾
𝑎𝑎 log(𝐿𝐿⁄𝑟𝑟)−1
𝜌𝜌𝜌𝜌+� 𝑏𝑏𝑏𝑏𝑏𝑏ℎ
�� log(𝐿𝐿⁄𝑟𝑟) �
4𝑟𝑟3
𝑟𝑟 �
𝐵𝐵

2

1/4

�

(4)

1

3 sin2 𝜃𝜃 3
𝜏𝜏 ≈
�
� (5)
𝛾𝛾𝑏𝑏𝑏𝑏𝑏𝑏ℎ 10 𝑥𝑥|𝑙𝑙𝑙𝑙𝑙𝑙|
𝛾𝛾

where B is bending modulus, ρ is density of water (ρ = 1000 kg/m3), g is gravitational
acceleration (g = 9.81 m/s2), γbath is surface tension of a water substrate underneath of the
floating film, a is radius of water droplet, L is length of wrinkle. The confinement
parameter, 𝜏𝜏,is given by τ ≡

𝜎𝜎𝑟𝑟𝑟𝑟 (𝑜𝑜)�
𝛾𝛾 where γ is the surface tension of the water droplet,

and θ is the contact angle of the water droplet. Furthermore, x is given by x = (γ/Y) = (γ/Et)
where Y is the stretching modulus of the bilayer film. 𝜎𝜎𝑟𝑟𝑟𝑟 (𝑜𝑜) is the radial stress outside of
the three-phase force balance contact line induced by the bilayer film and air. We compare
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the theoretical prediction to our observation of the wrinkle number at a radial distance
halfway through the wrinkle pattern, i.e. at a radial distance given by r=(a+L)/2. The
effective stretching modulus, Yeff,, obtained from the wrinkle length as a function of Y, and
the effective bending modulus, Beff, measured from the wrinkle number as a function of B
were computed , for PS/PMMA, PMMA/PS, PS/Au, and Au/PS bilayer films by employing
eqns 2-1, 4, and 5 with the Nsolve function in Mathematica for Yeff,, and equations 3 and
4 for Beff, respectively.

3.4 Results and Discussion

Figure 3.1 shows optical micrographs of the wrinkle patterns of PS/PMMA,
PMMA/PS, PS/Au, and Au/PS bilayer films. Regardless of the differences in wetting
properties, bulk Young’s moduli, and ratios of the individual film thicknesses, the number
of the wrinkles decreases while the length of the wrinkles increases as total film thicknesses
increase.
In Figure 3.2b and 3.3b we plot the normalized length (L/a) of the wrinkles in
PS/PMMA and PS/Au bilayers, respectively. These are plotted against the expected
effective stretching modulus, as computed from the known elastic moduli and the chosen
thicknesses of each of the two components in the bilayer, using equation 2-2. Apart from
the thicknesses of the film layers, one other experimentally controlled variable is the drop
radius, a. We have confirmed that as in previous work, the length L scales linearly with
a, so the normalization in terms of L/a leaves no further dependence on a to account for.
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The lines in Figures 3.2 (b) and 3.3 (b) are theoretical curves from equation (4) and
(5), computed with with EPSexp = 5.94 GPa, EPSbulk = 3.4 GPa, θPS = 88o; EPMMAexp = 4.06
GPa, EPMMAbulk = 3.0 GPa, θPMMA = 68 o, EAu = 72 GPa, and θAu = 60o 51,116
Note that there are two curves for each bilayer system, corresponding to versions
of the experiment with different surfaces of the bilayer facing up, so that different values
of the Young angle θ, need to be inserted in Equation (4) and (5). In Figure 3.2B, we also
use two values of the Young’s modulus; one measured as the bulk value from literature,
and another measured by us for single layer films made by spin-coating.51
There is reasonable agreement between the prediction of equation (4) and the
observation in Fig 2b and 3b., with some deviations. Figure 2(b) shows that the normalized
wrinkle length (L/a) increases initially with thickness but saturated for thicker films. The
saturation arises from a finite size effect, where the length of the wrinkle approaches the
size of the bilayer film.
Likewise, in Fig 2A and Fig 3A, we plot the measured wrinkled number (r),
evaluated at the middle of the wrinkle pattern, against the expected value of the effective
bending modulus for the bilayer, computed from equation (1). Once again, the smooth
curves in each of the figures correspond to predictions from equation (3). The predictions
match reasonably well with the measured winkle number N, with perhaps the exception of
the thinnest PS/Au bilayer film, where deviations are clearly visible. We point out that we
observed similar deviations from the FT predictions for a monolayer PS film.51 Thus, we
do not necessarily see this as emerging from a feature of the bilayer.
In Figure 3.4 (a-b), we directly compare the experimentally measured values of the
effective B and Y for the PS/Au bilayers to the ones estimated from equations (1) and (2)
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based on the known bulk Young’s modulus and layer thicknesses. While the experimental
Beff and Yeff are comparable to the computed values, Beff is systematically lower, and Yeff
is higher., Although the error ranges of N and L are within one standard deviation(34.6%),
Beff and Yeff possess large error bars due to low tolerance for errors from the equation (3)(5), yielding large error bars as shown in Figure 3.4(a) and (b).
In general, as we have pointed out elsewhere, the calculation that results in equation
(3)-(5) which are at the core of our ability to infer B and Y from N(r) and L, ignores details
that have some quantitative effects: the boundary conditions at r=a is complex in the
experiment, and are not necessarily zero-displacement points; there is a boundary layer at
the tip of the wrinkle which can be a significant fraction of the length of the wrinkle and is
not included.51
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Figure 3.2 (a-b)

(a)

(b)

Figure 3.2 (a) Number of wrinkles (N) versus bending modulus (B, eqn. 1-2) of PS/PMMA
and PMMA/PS bilayer systems. Black solid and red dash-dotted lines are obtained from
eqns. 1-1, 3, 4, and 5. (b) Normalized length of wrinkles (L/a) versus stretching modulus
(Y, eqn. 2-2) of PS/PMMA and PMMA/PS bilayer films. Lines are calculated from eqns.
2-1, 4, and 5 using EPS = 5.9 GPa and θPS = 88° for a solid line, EPMMA = 4.06 GPa and
θPMMA = 68° for a dash-dotted line, EPS = 3.4 GPa and θPS = 88° for a dashed line, and
EPMMA = 3.0 GPa and θPMMA = 68° for a dotted line, respectively.
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Figure 3.3 (a-b)

(a)

(b)

Figure 3.3 (a) Number of wrinkles (N) versus bending modulus (B, eqn. 1-2) of PS/Au and
Au/PS bilayer systems. Black solid and dash-dotted lines are obtained from eqns. 1-1, 1-2,
3, 4, and 5 using EPS = 3.4 GPa and θPS = 88°, and EAu = 72 Gpa and θAu = 60°, while red
dashed and dotted lines are calculated with EPS = 3.4 Gpa, EAu = 72 Gpa, and θPS = 88°,
and EPS = 3.4 Gpa, EAu = 72 Gpa and θAu = 60°, respectively. (b) Normalized length of
wrinkles (L/a) versus stretching modulus (Y, eqn. 2-2) of PS/Au and Au/PS bilayer films.
Lines are calculated from eqns. 2-2, 4, and 5 using EPS = 3.4 Gpa, EAu = 72 Gpa, and θAu =
60° for a red solid line, EPS = 3.4 Gpa, EAu = 72 Gpa, and θPS = 88° for a red dash-dotted
line, respectively.
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Figure 3.4 (a-b)

(a)

(b)

Figure 3.4. (a) Theoretical stretching modulus, Y, dependence of the effective stretching
modulus, Yeff, obtained from Au/PS and PS/Au bilayer films. Y was determined with eqn.
2-2 and Yeff was quantified utilizing the experimental wrinkle lengths with eqn. 2-1, 4, and
5. (b) Theoretical bending modulus, B (eqn. 1-2), dependence of the effective bending
modulus, Beff, measured with Au/PS and PS/Au bilayer films. The B and Beff values were
computed using eqns. 1-2, 3, 4, and 5 respectively. EPS = 3.4 GPa, EAu = 72 GPa, tAu = 20
nm and a tPS, 29.6 nm ≤ tPS ≤ 475.2 nm, were used to calculate Y, Yeff, B, and Beff.

3.5 Conclusion

Our major conclusion is that the bending and stretching moduli of bilayer films can
be correctly estimated knowing the individual thicknesses and Young’s moduli of the two
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layers. The moduli estimated from equations 1 and 2 agree reasonably well with the moduli
that we inferred from experimental data for the size and wave number of wrinkle patterns
generated by capillary stresses. We have explicitly tested this agreement over a broad
range of total film thickness and ratios of the individual layer thicknesses. We take this as
evidence that the bilayer responds like a single elastic object, with no slippage at the
interface between the two layers. Only at the smallest and largest thicknesses do we see
deviations from the anticipated wrinkle patterns. These deviations, however, are also seen
in single-layer films, and are likely due to our choice to compare with a theory that does
not consider some details of the experimental geometry that might be quantitatively
important. Thus, we do not attribute the deviations to the mechanics of the bilayer.
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CHAPTER 4
CAPILLARY WRINKLING OF NANOCOMPOSITES
4.1 Introduction
Nanoparticles (NPs) are utilized extensively in everyday life. Various applications
include improvements of mechanical, optical, electrical, flammable, thermal, and magnetic
properties of organic and inorganic materials. 97,100,117–128 In particular, non-metal and metal
inorganic nanoparticles are extensively used in abrasives to grind, cut, polish, and drill
structures and materials as well as in therapeutics for targeted delivery of a drug to remove
or reduce the size of malignant or benign tumor cells.129,130 The effect of introducing the
nanoparticles into a polymer is not fully understood; though it is widely accepted that the
enlarged surface area of the NPs affects the properties of the systems more dramatically
than that of the particles microns in size or greater.121
The reinforcement of thermal or mechanical properties using inorganic NPs in a
bulk or thin polymeric film remains controversial. Numerous research groups have used
various techniques to investigate the enhancement of thermomechanical properties by the
introduction of nanoparticles.97,100,122,124 Parameters, such as volume or weight fractions
of NPs, substrates, the molecular weight of ligands anchored to the surface of the NPs, the
molecular weight (MW) of the polymer matrix, and the degree of aggregation (tuned using
different molecular weights of polymeric ligands and matrices), were introduced to
understand the effect.97,100,105,112,131,132 Few studies have been conducted to understand the
correlation between composite modulus and the different amount of nanoparticles
introduced in nanocomposite films especially composite film thickness of less than 100 nm.
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Here, we investigate the reinforcement of mechanical properties of Polystyrene (PS:
MW=97K) by introducing different weight (or volume) fractions of gold nanoparticles
(GNPs, diameter ~ 12 nm). Capillary-force-induced wrinkling was utilized to determine
the effective Young’s moduli of the nanocomposite films.

4.2 Experimental Section

4.2.1 Synthesis of Gold Nanoparticles (GNPs)

12.4 nm diameter (D) GNPs were synthesized using modified seed growth
Turkevich method proposed by Piella et al.8 Tetrachloroauric (III) acid trihydrate (≥ 99%
trace metal basis), citric acid monohydrate (≥ 99%), trisodium citrate dihydrate (≥ 99%),
potassium carbonate (≥ 99%), and tannic acid (Mw 1701, ACS reagent) were purchased

Figure 4.1 Schematic diagrams of GNPs synthetic procedure.8
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Figure 4.2. TEM micrographs of synthesized gold nanoparticles (GNPs) via seed growth
Turkevich method proposed by Piella et al.8
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Figure 4.3 Syntheses of PS-CTA and PS-SH.9

from Sigma-Aldrich and were used as received. Millipore de-ionized water with a
resistance of 18.2 MΩ was used for every procedure.
Figure 4.1 shows the schematic diagram of GNPs synthesis. First, a 2.2 mM sodium
citrate 300 ml solution (SC) was prepared with 2.5 mM tannic acid 0.2 ml and 150 mM
potassium carbonate 2 ml. This was heated to 70° and 2 ml of 25 mM tetrachloroauric (III)
acid trihydrate dissolved in water was injected into the heated solution. This reaction took
5 minutes to complete. The tannic acid solution was used to decrease the pH to increase
reducing power of sodium citrate.8 This produces 3.5 ~ 4.0 nm gold seeds. The particle
sizes were determined by ImageJ using TEM micrographs shown in Figure 4.2.8 The seed
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solution concentration was reduced by removing 110 ml of seed solution and introducing
110 ml of SC solution to the seed solution to grow GNPs further. The diluted seed solution
was re-heated to 70°C, then 0.5 ml of a 50 mM tetrachloroauric (III) acid trihydrate solution
was added twice in 10 minute-intervals. Once the second injection was completed, the
batch was kept at 70 °C for 10 minutes to complete GNPs growth. Repeating the dilution
process with two sequential additions of the gold precursor leads to the growth of GNPs to
the target size. Figure 3.1 shows the GNPs synthesized by this method. Different sizes of
GNPs were successfully synthesized up to 23 nm with uniform size distribution as shown
in Figure 4.2. The GNPs were stored at ambient conditions in falcon tubes. 12 nm diameter
GNPs were chosen to avoid the confinement effect of polystyrene (MW: 97k, ~ Rg: 10 nm)
when PS thickness was < Rg.

4.2.2 Synthesis of PS Ligand

Thiol-terminated PS (PS-SH, Mw: 124k) was synthesized via the Reversible
addition-fragmentation chain-transfer (RAFT).9 Cyanomethyl dodecyl trithiocarbonate
(CDT) (≥ 98%), styrene (contains 4-tert-butylcatechol as stabilizer, ≥99 %), and zinc
(powder, <150 μm, 99.995 % trace metals basis) were purchased from Sigma-Aldrich, and
acetic acid (99.9%) and methanol (99.9%) were purchased from Fisher-Scientific. All
chemicals were used as received, except for the PS monomer.
Figure 4.3 shows the synthetic procedures for PS-CTA and PS-SH. First, styrene
monomer (25 ml, 21.8 mmol) was purified with alumina and cotton to remove stabilizer.
This purified monomer was collected and mixed with 0.019 mmol cyanomethyl dodecyl
trithiocarbonate (CDT) (≥ 98%), and chain transfer agent (CTA) in a 50 ml two-neck round
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bottom flask with an egg-shaped stirrer bar. Three freeze-pump-thaw cycles of the solution
were repeated to de-gas the mixture. This prepared monomer solution was purged with
nitrogen and heated to 110°C (PS Tg = 100°C) for 12 hours. After all the reactions, a yellow
solid was produced. This product was dissolved in tetrahydrofuran (THF) and precipitated
in cold methanol to collect PS-CTA. The precipitated solid PS-CTA was collected in filter
paper, washed with methanol three times, placed it in a 20 ml vial, and dried it in a vacuum
oven for 24 hours. The final product was weighed, and a small amount of synthesized PSCTA was re-dissolved in THF to determine the molecular weight of PS using gel
permeation chromatography (GPC). The rest of material was stored in a 20 ml vial for
future use.
The thiocarbonylthio terminated PS-CTA was cleaved by aminolysis to produce
PS-SH.9 PS-CTA (1g, 9.3 × 10−3 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) was dissolved in 20 ml THF and purged with

dry nitrogen for 15 minutes. n-Hexylamine (2 ml, 14.8 mmol) was added and stirred for 1
hour at room temperature. A color change from yellow to white was observed. To prevent
disulfide bonding (S-S), zinc and acetic acid (molar ratio = 1:1, 1.5 g Zn and 1.42 ml acetic
acid) were added to the n-hexylamine and PS-CTA mixture, and stirred for 4 hours to
complete the reaction. The produced PS-SH solution was filtered with Whatman 0.2 μm
PTFE filter, precipitated in methanol, washed three times with methanol, collected in a 20
ml glass vial, and dried in vacuum oven for 24 hrs. 10 mg PS-SH was dissolved in THF to
measure molecular weight and the presence of disulfide bonding using GPC.
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4.2.3 Ligand Exchange

Figure 4.4 Thermogravimetric analysis (TGA) of MW 124k PS chemisorbed on 12.4 nm
(d) of gold nanoparticles (PS-g-GNPs).
The ligand exchange from trisodium citrate to PS-SH (Mw: 124k, PDI 1.2) was
conducted by a two-phase water-oil method with tetraoctylammonium bromide (TOAB).
TOAB (98%) was purchased from Sigma Aldrich. Chloroform (99.8%) was purchased
from Fischer scientific. Both chemicals were used as received. TOAB is a mild reducing
and transfer agent.133 20 mg (3.7 × 10−2 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) TOAB and 0.1 g 124k Mw PS-SH were

dissolved in 5 ml chloroform in a 20 ml vial. A 12 nm diameter GNPs solution (1 ml) was
added into the mixture and was shaken for several minutes. If particle aggregations
occurred at the interface between water and oil, it was irreversible. This was prevented by
tuning the amount of TOAB and PS-SH in the oil phase. If there was no aggregation, 2 ml
GNPs solution was further added to the two-phase mixture. The mixture was shaken for
another 5 minutes by hand to transfer all GNPs from water to oil. This procedure was
repeated to transfer the entire GNPs solution (110 ~ 300 ml). The final transferred solution
was washed 5 times with a mixture of chloroform (1 ml) and acetone (49 ml) to remove all
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non-chemisorbed PS-SH free ligands. The washed GNPs were collected in a vial, dispersed
in chloroform, and vacuum dried before use.

4.2.4. GNPs Characterization

Thermogravimetric analysis (TGA) of the PS chemisorbed on the GNPs (PS-gGNPs) was conducted. Figure 3.2 shows the TGA analyses of the PS-g-GNPs. Grafting
densities of the PS-g-GNPs were calculated from the TGA results by 134:

𝜎𝜎𝑇𝑇𝑇𝑇𝑇𝑇

𝑤𝑤𝑤𝑤%shell
4
𝜌𝜌
𝜋𝜋𝑟𝑟 3 𝑁𝑁
𝑤𝑤𝑤𝑤%𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 3 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐴𝐴
=
MW 4𝜋𝜋𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 2

where relative mass of the polymer, 𝑤𝑤𝑤𝑤%shell , residual mass of the GNPs crystal, 𝑤𝑤𝑤𝑤%𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ,

density of gold, ρcore, average radius of the GNPs, rcore, Avogadro’s number, NA, and

molecular weight of polymer chain, MW. The calculated grafting densities from batch 1
and 2 were 2.93 and 1.36 chains/nm2.

4.2.5. Matrix Material

PS (Mw = 97 Kg/mol, Mw/Mn = 1.06, Rg ~ 10 nm) was purchased from Polymer
Source. Mw = 97 Kg/mol was selected to avoid the critical entanglement molecular weight
(PS: 35 Kg/mol) which can affect the obtained wrinkle patterns.88, 89, 90 PS was used as
received.

4.2.6. Nanocomposite Fabrications

GNPs were mixed in PS matrices (MW: 97k) with different weight fractions of 5, 9,
and 13 wt% or volume fractions of 0.28, 0.53, and 0.8 vol%. First, nanocomposite films
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were spin-coated onto 3 cm × 3 cm [1 0 0] silicon wafers at different speeds to control the

thickness of the films. However, the different spin-coating speeds affected the surface
morphology of the composite by creating different hole depths and diameters which
penetrate down to the silica substrate. Figure 4.5 shows this trend with atomic force
Figure 4.5 (a)
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Figure 4.5 (b)

65

Figure 4.5 (c)

Figure 4.5 Atomic Force Microscope (AFM) micrographs of PS-GNPs (95/5 w/w%)
composite films fabricated with (a) 5.7 k rpm, (b) 2.55 krpm, and (c) 1.45 krpm. As spincoating speed decreased from 5.7 krpm to 2.25 krpm to 1.45 krpm, hole depths increased
from 1 nm to 2.5 nm to 3.2 nm and diameters increased from 177.7 nm to 303.7 nm to
422.4 nm.
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microscope micrographs. As the spin coating speed decreased from 5.7 krpm to 1.45 krpm,
both the hole depths and diameters created by the GNPs imbedded to the PS matrix also
increased. The hole depths increased from 1 nm to 2.5 nm to 3.2 nm and the hole diameters
increased from 177.7 nm to 303.7 nm to 422.4 nm. The origin of these different hole depths
and diameters is not fully understood. Nevertheless, one of the reasons might be an
interaction between the PS-ligands anchored to the GNPs and the PS chains in the matrix
during the spin-coating process. The GNPs may spin on their own axes due to centrifugal
forces applied to the central axes of GNPs during spin-coating, and the anchored PSligands on the GNPs might sweep and swirl the PS matrix adjacent to the PS-ligands,
penetrating down to the PS matrix before the evaporation of the casted solvent. The
magnitude of this interaction can be varied by viscous shear drag, which can be altered by
the spin-coating angular velocity.135,136

Faster spin-coating speeds induce larger

centrifugal forces and, thereby, larger shear forces to the resin.135,136 These factors create
larger viscous shear drag of the composite resin on the substrate due to more resin and
solvent loss until the thickness of fluid layer reduces to rotate together with the substrate
during the early spinning stage.136 Once, co-rotation occurs, residual fluid resin begins to
dry, producing a frozen structure on the substrate.135,136 For example, when the spincoating speed is fast, such as 5.7 krpm, the spinning and swirling motions of GNPs in the
PS matrix may generate the holes but the shear viscous drag of PS-GNPs composite resin
induced by a high centrifugal force limits the growth of hole depths and sizes as shown in
Figure 4.5 (a). As the spin-coating speed decreases to 2.55 krpm and 1.45 krpm, however,
the reduced viscous sheer drag of the PS-GNPs resin allows longer interactions between
the PS ligands attached to the GNPs and the PS chains in the solution before the complete
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evaporation of toluene solvent. This is feasible due to the low centrifugal force applied to
the composite resin during the low RPMs of the spin-coating process. This coating process
yields greater hole diameters and deeper hole depths, contributing to the final morphology
of the PS-GNPs composites as shown in Figure 4.5 (b) and (c).
To overcome this, the spin-coating speed was fixed at 4 krpm while PS and GNPs
concentrations were varied depending on the thicknesses of the composite film (30 nm to
150 nm) desired. Figure 4.6 shows the transmission electron microscope (TEM)
micrographs of six different samples. Figure 4.6 (a) shows the 12.4 ± 1.5 nm diameter
GNPs. The size of the particles was determined by ImageJ. Figure 4.6 (b) shows the GNPs
after completion of the ligand exchange. Since PS (MW = 124K) was chemisorbed onto the

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.6 Transmission electron microscope (TEM) micrographs of (a) 12.4 ± 1.5 nm
diameter gold nanoparticles (GNPs) synthesized by Turkevich method, (b) 124k Mw PSSH chemisorbed on the 12.4 ± 1.5 nm GNPs, (c) 5 wt% of the 12.4 ± 1.5 nm GNPs
dispersed in a 25 nm PS film, (d) 5 wt% of the GNPs dispersed in a 63.6 nm thick PS
film, (e) 9 wt% of the GNPs dispersed in a 67.9 nm thick PS film, (f) 13 wt% of GNPs
dispersed in a 69.8 nm thick PS film.
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surface of PS-g-GNPs, no agglomerates were observed with 5 mg/ml GNPs dispersed in a
chloroform solution. Figure 4.6 (c) shows a 25 nm nanocomposite film with 9 wt% of the
~ 12 nm diameter GNPs embedded. As seen, the ligand-exchanged GNPs were
successfully dispersed in the MW 97k of a PS matrix with no aggregation. Figure 4.6 (d),
(e), and (f) show the 5, 9, and 13 wt % of ~ 12 nm diameter PS-g-GNPs embedded in 64,
68 and 70 nm of PS matrices, respectively. Surface coverages of GNPs increase as the
concentration of the GNPS increases from 5 wt% to 13 wt%. The PS-g-GNPs, nevertheless,
did not exhibit any aggregations despite the increase in the weight fraction of the GNPs.

4.2.7. Nanocomposite Characterizations

The PS-GNPs composite films were cut into 15 mm diameter circles using a
tungsten carbide cutter. The film was then floated onto water. First, a 0.2 ~ 0.3 μl water
drop was placed at the center of the floating composite film. The size of the applied water
drop was increased up to 1~ 1.1 μl in 0.2 μl increments.
Optical micrographs of the wrinkle patterns of the nanocomposite films were
captured using a stereo microscope (Olympus SZ 40). The digital single-lens reflex camera
(Nikon D7100) was mounted on the stereo microscope. The 32-bit images were converted
to 8 bit grey-scale images. The converted images were used to count the number of wrinkles
using ImageJ. The grey scale images were also incorporated into Matlab with a low pass
filter and intensity extraction to determine the length of wrinkles precisely. The measured
films were re-floated onto a large water bath, and were retrieved with silicon substrates
with 250 nm thick SiO2 layers. The films were then dried completely in air to measure film
thicknesses. Film thicknesses were measured with a white light interferometer (Filmetrics
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F20-UV, resolution: 1 nm). Morphology and film thicknesses were further analyzed using
atomic force microscopy.

4.3 Data Analysis

4.3.1 Wrinkle Length Analysis Using a Far From Threshold (FT) Analysis of the
Wrinkling Instability5

This theory estimates the wrinkle length, L, and the other experimental variables in
the FT regime.5,6 In this investigation, tensile radial (σrr) and hoop (σƟƟ) stresses were
calculated using the Lamé solution to solve different tensile radial stresses components in
annulus:
𝜏𝜏 ≈

𝛾𝛾

(

3 sin2 𝜃𝜃 1

𝛾𝛾𝑏𝑏𝑏𝑏𝑏𝑏ℎ 10 𝑥𝑥𝑥𝑥𝑥𝑥𝑥𝑥

𝐿𝐿 =

𝜏𝜏𝜏𝜏
2

)3 (1)

(2)

where θ and γ are the contact angle and surface tension of the water drop on the composite
film, respectively. γbath is the surface tension of the water substrate supporting the floating
composite film, x = (γ/Et), and τ ≡

𝜎𝜎𝑟𝑟𝑟𝑟 (𝑜𝑜)�
𝛾𝛾 . Here, τ is a confinement parameter and

𝜎𝜎𝑟𝑟𝑟𝑟 (𝑜𝑜) ~𝛾𝛾 2/3 𝑌𝑌1/3 ~𝛾𝛾 2/3 𝐸𝐸𝐸𝐸 1/3 is the 2D radial stress at the external contact line between the

film and the water drop, i.e. air-polymer interface, where E is a Young’s modulus and t is
the thickness of the PS-GNPs composite films.4,5,28,52 To calculate the theoretical lines

shown in Figure 4.9 (a), eqn. (1), (2), and x = (γ/Et) were used where γ = γbath = 72 mN/m,
EPS = 5.9 GPa and 3.4 GPa, 30 nm ≤ tPS-GNPs ≤ 150 nm, and θ PS-GNPs = 88o for a water drop
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Figure 4.7 Wrinkle patterns on (a) a PS thin sheet (t = 26.9 nm), (b) 5 wt% of GNPs in a
PS-GNPs nanocomposite (t total= 31 nm), (c) 9 wt% of GNPs in a PS-GNPs nanocomposite
(t total= 31.8 nm), and (d) 13 wt% of GNPs in a PS-GNPs nanocomposite (t total= 31.1 nm).
Scale bars represent 1 mm. Volumes of the droplets are 0.7, 0.6, 0.6, and 0.6 μls,
respectively.

placed on the film. PS-GNPs’ composite moduli, EPS-GNPs, were calculated as a function
of film thickness, t, using eqn. (1), (2), x = γ/Et, and the Nsolve function in Mathematica
with the identical system parameters used for the other calculations. The L/a values of PSGNPs films were determined using image analysis with Matlab.

4.4 Results and Discussion

Figure 4.7 (a-d) shows wrinkle patterns on a pure PS film and PS-GNPs
nanocomposite films with different weight fractions of GNPs. Wrinkle lengths increase as
the GNPs loading increases from 5 to 13 wt % or 0.3 to 0.8 v/v%. Figure 4.7 (a) shows that,
for the pure PS film, two wrinkle frequencies were seen over the entire wrinkled regime
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(a)

(b)

Figure 4.8 (a) Normalized length of wrinkles (L/a) versus GNPs loading (0, 5, 9, and 13
wt%). (b) Normalized number of wrinkles (N/a1/2) versus GNPs loading (0, 5, 9, and 13
wt%). Wrinkle patterns were normalized by a radius of a drop, a. Data in Figure 4.8 (a)
and (b) were obtained from different PS-GNPs composite thicknesses (30, 68, 102, 119,
and 148 nm).

from the vicinity of contact line between the applied water drop to the wrinkle tip. However,
in Figure 4.7 (b-d), irregular wrinkle frequencies are evident. This phenomenon
disappeared as the composite thicknesses increased. When tC ~ 30 nm, wrinkle amplitudes
also increased with increasing GNP concentrations in the nanocomposite films, shown in
Figure 4.7 (b-d). Since the applied water drop volumes on the film surfaces in Figure 4.7
(b-d) were the same, the magnitudes of compressive hoop stresses induced by the droplets
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(a)

(b)

Figure 4.9 (a) Normalized length of wrinkles (L/a) versus thickness of PS-GNPs
composite films. (b) Normalized number of wrinkles (N/a1/2) versus thickness of PSGNPs composite films. GNPs loading in Figure 4.9 (a) and (b) were 5, 9, and 13 wt%.
Wrinkle length and number were normalized by a radius of a drop, a.

to the film were also identical. Furthermore, the film thicknesses (31 nm) were also
identical. Therefore, this may arise from the reinforcement of intermolecular network
between the GNPs and the PS host materials.
Figure 4.8 (a-b) show the normalized wrinkle length, L/a, (Figure 4.8 (a)) and
number, N/a0.5, (Figure 4.8 (b)) as a function of GNPs loading (0, 5, 9, and 13 wt%) with
different PS-GNPs film thicknesses (30 nm ≤ tC ≤ 150 nm). Although the GNPs loading
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increases from 0 to 13 wt%, L/a values are similar within the error bars. The increase
becomes apparent when tC ~150 nm. Figure 4.8 (b) shows two different trends of N/a0.5.
When tC ~ 30 nm, N/a0.5 increases sharply from 0 to 5 wt%, reaches a maximum at 5 wt%,
and then decreases as the loading increases to 13 wt%. Apart from the 30 nm thick
composite films, the number of wrinkles is independent of loading within the variation.
Figure 4.9 shows the normalized wrinkle length, L/a, and number, N/a1/2, as a
function of thickness of PS-GNPs composite films with different GNPs loadings from 5 to
13 wt%. As the composite film thickness increases from 30 nm to 148 nm, L/a also
increases as predicted from PS homopolymer (Figure 4.9 (a)).51 When the GNPs loading
was 13 wt% in the 119 and 148 nm PS-GNPs films, wrinkle lengths began to deviate from
that seen with pure PS, i.e. FT 5.94 GPa, and increased. This increase in the wrinkle length
in the 148 nm thick PS-GNPs film may be an indication of intermolecular network
reinforcement induced by GNPs loading. However, this trend was not observed in the
normalized wrinkle number in Figure 4.9 (b). N/a1/2 values show an increase with
decreasing thicknesses of the composite films from 148 nm to 30 nm. As seen in Figure
4.8 (b), a 5 wt% GNPs loading in a 30 nm thick PS-GNPs film causes a significant increase
in N/a1/2. When GNPs loading increases from 5 to 13 wt%, N/a1/2 decreases as ~ (Et3)-1/4
for pure PS where E is a Young’s modulus and t is a PS film thickness.
The increase and decrease in wrinkle number of 30 nm thick composite films with
different GNPs loading shown in Figure 4.8 (b) and 4.9 (b) leads to questions on wrinkling
behavior in composite films under strong confinement. It should be noted that 12 nm
diameter GNPs were used. As film thickness decreases to less than 50 nm, the probability
of GNPs located at the composite surface increases.
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When wrinkle forms with an

Figure 4.10 PS-GNPs composite modulus, EC, versus GNPs loadings (0, 5, 9, & 13 wt%).
EC were calculated using equation (1) and (2) with different PS-GNPs composite
thicknesses (30, 68, 102, 119, and 148 nm).

azimuthal compression by capillary force, the GNPs on the surface might behave as defects,
resulting in wrinkle bifurcation where the GNPs are located as the increase in wrinkle
number was shown in Figure 4.7 (b). This leads to a significant increase in wrinkle number
when GNPs are introduced from 0 to 5 wt %. However, when the GNPs loading increases
from 5 to 13 wt%, the GNPs on the film surface may stiffen PS chains adjacent to GNPs
due to the decrease in the number of wrinkles as seen in Figure 4.7 (c-d). This stiffening
effect may be induced for the following reason. The absolute value of GNPs increases in
the PS matrix as the weight fraction of PS-GNPs increase, leading to an increase in the
probability of an interaction between the PS-ligands anchored to the surface of GNPs and
the PS matrix. This successful interaction can be considered as a wet state. When the wet
state of GNPs increases, the wetted GNPs act as pseudo-crosslinkers, initiating the
molecular network reinforcement. This stiffening can suppress film deformation in the
composite film. As a result, the wrinkle number decreases. This phenomenon still holds
when the composite film thickness increases from 30 nm to 68 nm. In addition, an increase
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in the number of GNPs at the film surface also decreases the number of interchain
entanglements in the polymer network, resulting in an increase in the brittleness of the
composite films. This was confirmed by the apparent drainage of the water droplet through
the composite film thicknesses less than 30 nm due to a film break-up incurred by the
droplet.10 This could be one of the reasons in the failure of measurements with tc ≤ 30 nm.
PS-GNPs composite moduli, EC, were calculated using equation (1) and (2). Figure
4.10 shows the PS-GNPs composite modulus, EC, as a function of GNPs loadings with
various PS-GNPs composite thicknesses (30, 68, 102, 119, and 148 nm). EC does not show
a significant increase when the GNPs loadings were increased to 9 wt%. Nevertheless, EC
doubled as the GNPs loadings were further increased to 13 wt%, especially when tPS-GNPs
> 100 nm. This indicates that an increase in GNPs loading possesses a certain threshold to
induce an intermolecular network reinforcement. In this measurement, this threshold of
reinforcement may be located between 9 ~ 13 wt%.

4.5 Conclusion
We obtained normalized wrinkle length, L/a, and wrinkle number, N/a0.5, from PSGNPs composite films using capillary-force-induced wrinkling. L/a values from 30 ~ 100
nm thick PS-GNPs films were independent of film thicknesses and GNPs loadings.
However, L/a values were found to increase when PS-GNPs films were thicker than 100
nm with 15 wt% GNPs loadings. N/a0.5 in a 30 nm thick film with 5 wt% GNPs loading
was found to increase by 2.7 times over that of the PS homopolymer. When GNPs loadings
were further increased to 9 and 13 wt% in the 30 nm thick PS-GNPs films, the N/a0.5
showed a decrease. As the PS-GNPs film thicknesses increased to 150 nm, N/a0.5 was
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proportional to ~ (Et3)-1/4 in agreement with the PS homopolymer films, regardless of the
increase in GNPs weight fractions. From these data, composite moduli of PS-GNPs films
were calculated from wrinkle lengths using FT analysis. Calculated PS-GNPs composite
moduli were observed to increase approximately twice when 13 wt% GNPs loadings were
applied to PS-GNPs composite film thicknesses greater than 102 nm.
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CHAPTER 5
DIFFERENT CLASSES OF WRINKLE PATTERNS ON POLYMER FILMS

5.1 Introduction

Wrinkles are prevalent in our daily lives. We see wrinkles in clothing, skin, dried
fruits and paints, and curtains, to name a few common examples.4 Wrinkles are the
response of a thin solid sheet to an in-plane compressive force. When the magnitude of
the in-plane stress exceeds a critical value, the system responds by buckling out-of-plane,
with the classic example being the Euler buckling of a beam under compression. The final
deformation corresponds to a minimization of total elastic energy.2,4 Mahadevan and coworkers, for example, investigated the wrinkling of a polyethylene sheet under tension.
When a sheet is stretched along one direction, the Poisson effect requires that the sheets
compress in a direction transverse to the applied strain. This results in a periodic wrinkle
pattern where the wavelength of the wrinkle pattern depends on the bending modulus of
the sheet and the applied tension. Numerous researchers conducted further studies with
different materials, including polymer sheets, polymer-polymer and metal-polymer bilayer
structures, hydrogels, elastomers, and polymer multilayer structures with different
geometries under different experimental conditions.1,2,4,17,18,28,37,39,41,42,44,47,55,137–148 The
wrinkles that develop can be used to modify adhesives, electrical and optical properties, to
control dynamics and wetting, and to determine the elastic moduli or residual
stresses.4,10,14,17,43,44,51,143,149–152 Other studies have characterized different aspects of
wrinkles including switchability, high aspect ratio, anisotropy, wrinkles-to-fold transition,
and hierarchy of wrinkles.17–19,33,43,44,48–50,141,143,145,147,149,150,152–156
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In this chapter, we show wrinkle patterns in polystyrene (PS) films floating on a
liquid surface as in previous chapters. Our main new finding here is the observation of
three different classes of wrinkle patterns as the parameters of the experiment are changed.
We observe wrinkle patterns including (i) Single mode (PS film thickness tPS ≥ 600 nm),
(ii) Single mode with period-doubling at the contact line of the drop (50 nm ≤ tPS ≤ 600
nm), and (iii) Double mode (tPS ≤ 50 nm) with what appears to be coexistence of wrinkles
and folds.

5.2 Experimental Section

PS (Mw = 97 Kg/mol, Mw/Mn = 1.06, Rg ~ 10 nm), well above the entanglement
molecular weight of 35 kg/mol, was purchased from Polymer Source and used as received.
PS was dissolved in toluene (Anhydrous, 99.8%, Sigma-Aldrich) at concentrations from
0.6 to 10 wt%.88–90 PS films were spin coated onto 3 cm × 3 cm diced polished [1 0 0]

silicon wafers with a native oxide layer that were cleaned using a carbon dioxide snow-jet
cleaner and UV-Ozone treatment (JElight, Model No.342) for 15 minutes to remove
organic materials from the surface. PS solutions in toluene were filtered through a 0.2 μm
Whatman PTFE filter and applied immediately onto the substrate. Spin-coating with
different spinning speeds from 1000 RPM to 9000 RPM for 60s was used to prepare smooth,
uniform, and pinhole-free films. Films with thickness ranging from 6.8 nm to 1.07 μm were
prepared by varying the spin-coating speeds and PS solution concentrations. Films were
dried at room temperature to remove residual solvent.
The PS films were cut into 15 mm diameter (W) discs using a tungsten carbide
cutter and floated onto either water or glycerol (99.9 wt%, Fischer Scientific, and boiling
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point: 290 °C) surfaces. Films floated onto water were used directly for the measurements,
while for experiments using glycerol, the films floating on the water surface were retrieved
with a silicon substrate, then re-floated onto glycerol. Subsequently, the films were again
retrieved, and re-floated onto a fresh pool of glycerol. This was repeated three times to
remove all traces of water since glycerol is hygroscopic and the surface tension of glycerol
will vary with water content. A 0.2 ~ 0.3 μl droplet of water or a 0.3 ~ 0.5 μl droplet of
glycerol was placed at the center of the floating film with a microsyringe for the water
droplet and an acupuncture needle for the glycerol droplet. The microsyringe could not be
used for the glycerol drop owing to its viscosity. Glycerol was used to stabilize the
dynamics of the wrinkles under ambient noise. Glycerol does not plasticize PS and the
boiling point of glycerol is 290 °C. Therefore, wrinkle patterns could be preserved for
extended periods of time (at least up to a month) without damaging the film.86,157 Radial
wrinkle patterns formed within tens of milliseconds.28 The size of the applied water drop
onto the film was increased from 0.2 ~ 0.3 μl to 0.9 ~ 1.1 μl in 0.2 μl increments.
Images of the wrinkle patterns were taken with a stereo microscope (Olympus SZ40)
with a digital single-lens reflex camera (Nikon D7100). The height profile in the vertical
direction was mapped with an optical profilometer (Zygo Nexview NX2, resolution: 0.1
nm). The obtained height profiles were saved as grey scaled images from the profilometer.
These images were analyzed with ImageJ to count the number of wrinkles, and Matlab
using a low pass filter, intensity extraction, and improfile function to determine the length
and profile of the wrinkles at different distances from the center of the droplet with high
accuracy. The measured films floating on the liquid surface were retrieved using pieces of
cleaved silicon wafer with a 250 nm thick SiO2 layer and dried, and the film thicknesses
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were measured with an interferometer (Filmetrics F20-UV, resolution: 1 nm) and an atomic
force microscopy.

5.3 Data Analysis

The bendability, ε-1, one of the two independent dimensionless parameters to

solve the Lamé problem, is:

ε−1 =

𝑎𝑎2 𝛾𝛾
𝐵𝐵

,

(5-1)

where a is a radius of a drop, 𝛾𝛾 is surface tension of water. a = 0.9 mm and 𝛾𝛾water is 72
mN/m.6

5.4 Results and Discussion

Figure 5.1 Optical micrographs of three different classes of wrinkle patterns on PS films:
(a) Single mode (thickness of a PS film (t) ≥ 600 nm), (b) Single mode with perioddoubling (50 nm ≤ t ≤ 600 nm) , and (c) Double mode (t ≤ 50 nm). Lengths of scale bars
are 1 mm.
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Figure 5.1 shows a series of wrinkle patterns as the thickness of the PS films was
decreased. For films with thicknesses t ≥ 600 nm, a single wrinkle wavelength with a single
amplitude, i.e. Single mode, was found. For films with thicknesses 50 nm ≤ t ≤ 600 nm,
Single mode and period-doubling of wrinkles at the vicinity of a contact line between the
water droplet and the PS film were observed. For films with thicknesses t ≤ ~ 50 nm,
wrinkles with folds, i.e. Double mode, were observed.
Figure 5.2 shows the number of wrinkles as a function of film thickness, t, ranging
from 6.8 nm to 998 nm, which highlights the different classifications described. While the
Double mode and the Single mode with period-doubling regimes of the wrinkle patterns
are seen for thicknesses t ≤ ~ 50 nm and 50 nm ≤ t ≤ 600 nm, respectively, the Single mode
of wrinkle patterns spans the entire thickness of the PS films. When t ~ 50 nm, the Single
mode with period-doubling and the Double mode coexisted. These different modes of
wrinkles may arise from changes in the bendability, ε−1 , of the film at the water contact

Figure 5.2 Number of wrinkles, N, versus film thickness, t, obtained from three different
classes of wrinkle patterns, i.e. Single mode, Single mode with period-doubling, and
Double mode for PS.
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line and the bending modulus, B. As the PS film thicknesses are varied, ε−1 decreases from

106 to 102, i.e. 106 > ε−1 >102 but B increases from 10-15 to 10-10, i.e. 10-15 < B < 10-10. Since

the volume of the water droplets applied to the floating PS films was constant (from 0.2 ~
0.3 μl to 0.9 ~ 1.1 μl), regardless of the film thicknesses, the magnitude of hoop stress (σθθ)
exerted by the capillary force of the water drop on the PS film was also independent of the
film thicknesses. This suggests that material properties may give rise to the different modes
of wrinkle patterns as the film thickness is changed.
To elucidate the bending effect induced by the capillary force on the wrinkle
number, the number of wrinkles, N, is plotted as a function of the bendability, ε−1 in Figure

5.3. As seen, the number of single mode wrinkles scales with an exponent of 1/4, i.e. NSingle

~ ε−1/4 ~ (a2γ/B)-1/4 ~ (a2γ/Et3)-1/4 ~ t-3/4. These results agree with the results reported of

Huang et al.4 They also found that the number of wrinkles scales with the film thickness
with an exponent of -3/4, i.e. N ~ t-3/4. The Double mode wrinkle pattern was not reported

Figure 5.3 Number of wrinkles, N, versus bendability, ε−1 , obtained from three different
classes of wrinkle patterns, i.e. Single mode, Single mode with period-doubling, and
Double mode for PS.
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previously. We find that the number of wrinkles in the Double mode scales with the
bendability with an exponent of 1/6, i.e. NDouble ~ ε−1/6 .

Images of wrinkle patterns were analyzed using Matlab and Python to obtain

intensity profiles as a function of angle at different radii. However, the Double mode of
wrinkle patterns (t ≤ 50 nm) could not be fully assessed using image analyses. The wrinkle
intensities obtained from optical micrographs were indistinctive and it was not possible to
accurately characterize the morphology of the wrinkle patterns. To overcome these
limitations, a Zygo optical profilometer, with a 0.1 nm height resolution, was used to
measure actual height profiles of different classes of wrinkle patterns. Rather than using
water, a glycerol droplet was placed on the PS film floating on the surface of glycerol to
maintain the wrinkle pattern on the PS film from unwanted disturbances and the height
profiles were measured. The vapor pressure of glycerol at room temperature is less than
0.0001 kPa, which is much lower than that of water (2.33 kPa). Consequently, the wrinkle
patterns were preserved for prolonged periods of time without damaging the films, since
glycerol does not evaporate nor plasticize PS films.86,157
Figure 5.4 shows optical micrographs (a-c) and height profiles (d-i) of wrinkle
patterns obtained from 31 nm (a, d, g), 144 nm (b, e, h), and 1 μm (c, f, i) thick PS films.
Figure 5.4 (a-c) were measured with a stereo microscope (a-c) and Figure 5.4 (d-i) were
measured with the optical profilometer (d-i). There was 15 minutes between different
measurements on the same sample. The black circular areas in (d-f) and the black areas
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Figure 5.4 Optical micrographs and height profiles of (a,d,g) Double mode, tPS =31 nm,
(b, e, h) Single mode with period-doubling, tPS =144 nm, and (c, f, i) Single mode, tPS =1
μm. Lengths of scale bars in the optical micrographs are 1 mm. Magnifications of height
profiles are 2.75x for (d,e,f), 40x for (g, h), and 10x for (i). All height profiles were
normalized with baselines.

with arc boundaries in (g-i) are the glycerol drops in the center of films. They are black
since the amount of reflected light to the Zygo was less than 4%. The height profiles in
Figure 5.4 (d-f) provide height variations in the different classes of wrinkle patterns in
Figure 5.4 (a-c). The height profiles in Figure 5.4 (d-f) are higher resolution images at the
glycerol-PS contact line, i.e. the edge of the droplet. As can be seen, the amplitudes of the
wrinkles decrease with distance from the contact line. Height profiles as a function of angle
at different radii with different magnifications of the wrinkle patterns provide more detailed
information of the different classes of wrinkle patterns. Figure 5.4 (g) shows that the
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Double mode possesses three different types of wrinkle patterns: (i) folds with arches at
the contact line, (ii) partial period-doubling close to the contact line, and (iii) the Single
mode in the bulk of the pattern. Figure 5.4 (h) shows only two different wrinkle patterns:
(i) full period-doubling and (ii) a single mode, while Figure 5.4 (i) shows only a single
mode. Since the hoop stress imposed by the same-size glycerol droplet is the same, the
changes in the nature of the wrinkle pattern must arise from changes in B, i.e. 10-15<B<
10-10, and ε-1, i.e. 106 >ε-1 >102, as the PS film thicknesses increase from 31 nm to 1 μm.
Figure 5.5 shows the height profiles as a function of angle at different distances
from the contact line. As seen in Figure 5.5 (a), two dips and partial period-doubling exist
near the contact line (1.007 × 𝑎𝑎, where a is the radius of a glycerol drop). As the radial

distances increase from 1.007 × 𝑎𝑎 to 1.22 × 𝑎𝑎 , the period-doubling disappears and
becomes a Single mode while the heights of two dips increase. This leads to an emergence
of a shallow arc between two dips, as seen in the lateral view in Figure 5.5 (d). When the
PS film thickness is increased to 144 nm, full period-doubling with a Single mode emerges
at the contact line between the drop and the film. This is confirmed in Figure 5.5 (e). In
Figure 5.5 (b), the height of period-doubling increases from a to 1.01 × 𝑎𝑎 and then
decreases from 1.01 × 𝑎𝑎 to 1.18 × 𝑎𝑎. The period-doubling finally disappears at ~ 1.19 ×
𝑎𝑎 but the Single mode persists. Figure 5.5 (c) and (e) show only a Single mode.
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Figure 5.5 (a)
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Figure 5.5 (b)
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Figure 5.5 (c)

89

Figure 5.5 (d-f)

Figure 5.5 Height profiles versus angles at different radii in wrinkled regimes (a-c) and
lateral views (d-f) of (a and d) Double mode, tPS =31 nm, (b and e) Single mode with
period-doubling, tPS =144 nm, and (c and f) Single mode, tPS =1 μm. Magnifications of
height profiles are 40x for (a, b, d, and e), and 10x for (c and f). All height profiles were
normalized with baselines.
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While the film thicknesses clearly influence the nature of wrinkling, we also varied
the size of droplet placed on the film, since this will affect the hoop stress, leading to the
deformation of the floating PS film. Different sizes of glycerol droplets, from below the
capillary length to above capillary length, were placed on the PS film floating on a glycerol
𝛾𝛾
bath. The capillary length of glycerol is 𝑙𝑙𝑐𝑐 = � �𝜌𝜌𝜌𝜌 = 2.3 mm where γ is the surface

tension of glycerol, γ = 64 mN/m, ρ is the density of glycerol, ρ = 1.26 g/ml, and g is the

gravitational acceleration, g = 9.81 kg/m3. Figure 5.6 schematizes the forces acting at the
contact line below and above the capillary length of glycerol. When the drop size is less
than the capillary length, gravitational force can be neglected as shown in Figure 5.6 (a).
However, if the size of glycerol is greater than the capillary length of glycerol, gravitational
force must be considered (Figure 5.6 (b)). Here, 𝜎𝜎𝑟𝑟𝑟𝑟 (𝐼𝐼) and 𝜎𝜎𝑟𝑟𝑟𝑟 (𝑂𝑂) are the 2D radial stresses
inside and outside of the contact line, i.e. 𝜎𝜎𝑟𝑟𝑟𝑟 (𝐼𝐼) ≈ 𝜎𝜎𝑟𝑟𝑟𝑟 (𝑂𝑂) ~𝛾𝛾 2/3 𝑌𝑌1/3 , where Y is a

stretching modulus (eqn. 5.2).4,5,28,51,52 a is a radius of a glycerol drop, γlv is glycerol-air

Figure 5.6 Schematic diagrams of glycerol drops placed onto floating PS films which
possess the size of a glycerol drop a) below and b) above capillary lengths of glycerol,
i.e. 𝑙𝑙𝑐𝑐 = 2.3 mm. Here, a is a radius of a glycerol drop, γlv is a glycerol-air surface
tension, 𝜎𝜎𝑟𝑟𝑟𝑟 (𝐼𝐼) and 𝜎𝜎𝑟𝑟𝑟𝑟 (𝑂𝑂) are the 2D radial stresses inside and outside of the contact lines,
respectively. Fg is gravitational force where ρ is density of glycerol, g is gravitational
acceleration, and A is the area of a glycerol drop.
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surface tension, and Fg is gravitational force. Fg in 2Dalso varies from ρVg to ρAg, where
A is an area of the applied glycerol droplet. As shown in Figure 5.6 (b), the PS film could
be altered significantly due to mass and gravitational force induced by the glycerol drop on
the PS film. This placed large glycerol drop contributes to the elastic deformation in the
PS film inducing a more dramatic curvature underneath and outside the droplet (Figure 5.6
(b)) in addition to the variations in the shapes of a contact line from a circle (Figure 5.7 d,
h, f) to a polygon (Figure 5.7 e, g, i).
Figure 5.7 exhibits the optical micrographs of different classes of wrinkle patterns
on (a) 80 nm, (b) 180 nm, and (c) 970 nm thick PS films. These patterns were induced by
glycerol drops having diameters greater than the capillary length of glycerol, i.e. 2.3 mm.
Figure 5.7 (a) shows 8 folds with wrinkles when a 8.4 nm diameter glycerol drop is placed
onto the 80 nm thick PS film. This wrinkles-to-fold transition has been thoroughly
investigated by Posiavsek et al., Holmes et al., and Ripp et al.48,54,56 Nevertheless, this is
the first observation of wrinkles-to-fold transition using capillary force induced wrinkling
method. Figure 5.7 (d and e) represent the wrinkles-to-fold transition when the glycerol
drop diameter was increased from 0.9 mm to 6.3 mm. Figure 5.7 (b) exhibits the
coexistence of wrinkles and crumples as the applied glycerol drop diameter reaches 7 mm
on a 180 nm thick PS film. Likewise, wrinkles were only observed when the droplet
diameter, d, was d < 4.2 mm shown in Figure 5.7 (f). However, stress localizations along
the wrinkles induce crumples. This introduces the coextistence of wrinkles and crumples
when d is greater than 4.2 mm in Figure 5.7 (g). Figure 5.7 (c) shows that wrinkles are only
observed when the film thickness is increased to 1 μm. The intiation of stress localization
of wrinkles was seen when the glycerol drop diameter became 4 mm. From these
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observations, it is evident that the diameter of applied droplet is also critical in inducing
the wrinkle transitions in addition to the film thicknesses. When the size of the glycerol
drop is less than the capillary length, i.e. d ≤ lc, hoop compression (σϴϴ(r) <0) can be

Figure 5.7 Optical micrographs of different classes of wrinkle patterns on (a,d,e) 80 nm,
(b, f, g) 180 nm, and (c,h,i) 970 nm thick PS films. The diameters, d, of glycerol drops
are (a) d = 8.4 mm, (b) = 7 mm, (c) = 5.9 mm, (e) = 6.3 mm, (g) 4.2 mm, and (i) 4 mm,
respectively, greater than capillary length (lc) of glycerol (2.3 mm). Moreover, (d) d = 0.9
mm, (f and g) d = 1 mm, smaller than the lc. Lengths of scale bars are 1 mm.
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completely relaxed (σϴϴ(r) = 0) as a result of wrinkles forming in radial direction, as proven
in the theory of Far-From-Threshold wrinkling insability.5 However, when d ≥ lc, the trends
of wrinkle patterns are varied depending on the droplet sizes and the film thicknesses,
leading to the (i) wrinkle-fold transition, (ii) wrinkles and crumples, and (iii) wrinkle
aggregation. Wrinkles to the other morphological transitions occur in a sequence. First,
the larger magnitude of hoop compression induced by the larger droplet yields the longer
length and greater number of wrinkles until the wrinkles reach the edge of the PS film.
Second, once wrinkles reach to the edge of the film by increasing the droplet, hoop stress
can no longer be completely relaxed. This excessive magnitude of stress stores in the PS
film elastically, resulting in an increase in the amplitude of wrinkles with generating a
curvature in the PS film. As the radius of the droplet increases further, capillary and
gravitational forces exerted by the placed drop increase and the stored elastic energy in the
PS film reaches at a critical level. In addition, the increase in the amplitude of wrinkles, is
terminated while the stored elastic energy becomes localized. Consequently, the elastic
energy is minimized locally by the partial deformation in the PS film with increasing the
size of the glycerol droplet, inducing folds (Figure 5.7 (e)), crumples (Figure 5.7 (g)), or
wrinkle aggregation (Figure 5.7 (i)). These different types of the folding transitions shown
in Figure 5.7 (e, g, i) are associated with the variations in the capacities of storing elastic
energies and bending moduli originated from the contrast in the thicknesses of PS films
and the capillary and gravitational forces induced by the placed droplet.54,56
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5.5 Conclusion

We found different classes of wrinkle patterns on PS films using capillary forces at
the contact line between a PS film and a liquid drop. We observed different classes of
wrinkle patterns, as a function of the film thickness: (i) t ≥ 600 nm, (ii) 50 nm ≤ t ≤ 600
nm, and (iii) t ≤ ~ 50 nm. In regime (i), where t ≥ 600 nm, the Single mode regime, where
only one wrinkle wavelength and an amplitude were seen. In regime (ii), 50 nm ≤ t ≤ 600
nm, period-doubling of wrinkles with a Single mode was observed. In the double mode
regime, t ≤ 50 nm, an arc, partial period-doubling, folds, and a Single mode of wrinkle
patterns were discovered. As same-sized droplets were placed onto the PS films, the
capillary forces exerted on the films were identical. The only variable is the thickness of
the PS film. This contributes to variations in bending moduli or ε-1, and the contact line
between the placed droplet and the PS film. These unified effects of the capillary force, the
bending moduli, and the contact line minimize the free energy, yielding the different
classes of wrinkle patterns. Morphological transitions in wrinkle patterns could also be
induced by glycerol drops larger than the capillary length. As the size of a liquid droplet
increased, (i) wrinkle-to-fold transition, (ii) the coexistence of wrinkles and folds, or (iii)
localization of wrinkles were observed. When a larger droplet is placed, a larger capillary
force is induced, imparting larger hoop stress. The larger hoop stress cannot be fully erased
when the wrinkle pattern grows and reaches maximum level of number, length, and
amplitude. This affects the storage of stress as a form of elastic energy in the PS film. Once
the stored elastic energy arrives at a limit, free energy is minimized locally, producing the
transitions in wrinkle patterns.
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CHAPTER 6
CONCLUSION
In this dissertation, capillary-force-induced wrinkling of (1) single layer films, (2)
bilayer and (3) nanocomposite films, and (4) different classes of wrinkle patterns were
discovered. Capillary force was induced with a liquid drop placed on the center of a floating
disc-shaped film. When the drop is applied, a force balance can be achieved at the contact
line between the liquid drop and the floating film. Compressive hoop stress can be induced
when the sum of two 2D stresses, i.e. air-liquid surface tension, γ, and liquid-polymer

surface tension, σrr(I), is greater than τc and αc, the biaxial tension on the film can be
transformed into uniaxial tension and azimuthal compression. As a result, wrinkles form
in the radial direction.
From the single layer experiment, Young’s modulus was determined using
capillary force induced wrinkling and the far-from-threshold wrinkling instability theory
(FT-theory). Young’s moduli of PS and PMMA films were invariant with thickness to the
radius of gyration (Rg). However, Young’s modulus of the thinnest sub-Rg thick PS film
was found to increase.
Mechanical properties of PS/PMMA and PS/Au bilayer films were also
determined using the capillary-force-induced wrinkling method. Differences in individual
surface energies of PS/PMMA and PMMA/PS bilayer films do not affect the number of
wrinkles and their lengths, regardless of the configuration of PS and PMMA bilayer films.
However, PS/Au and Au/PS bilayer films show that the normalized wrinkle length of Au
(Top)/PS (bottom) bilayer films decreases while PS(Top)/Au bilayer films do not vary as
the stretching modulus decreases to 2000 N/m. This trend also holds for the number of
96

wrinkles. As the bending modulus decreases to 10-11 N·m, the number of wrinkles starts
showing deviations from the local λ law theory with the effect of gravity. When the bending
modulus further decreases to 10-12 N·m, the number of wrinkles from Au (Top)/PS bilayer
films significantly differs from the theoretical predictions of PS (Top)/Au bilayer films.
This can be deduced from the difference in the stretchability of Au and PS films since the
effective stretching moduli of PS and Au films were significantly varied due to their
Young’s moduli.
Composite modulus, EC, as a function of GNPs loading, was also investigated using
the capillary wrinkling and the FT theory with wrinkle patterns from composite films. 124k
Mw PS-SH capped 12 nm gold nanoparticles (GNPs) were dispersed with three different
weight fractions, i.e. 5, 9, and 13 wt%, in 97k Mw PS matrices. A wide range of PS-GNPs
composite film thicknesses, tC, was fabricated (30 nm ≤ tC ≤ 150 nm) to understand this
phenomenon. EC increases to double at 13 wt% GNP loadings when tC ≥ 100 nm.
Nevertheless, PS-GNPs composite films, possessing 5, 9, and 13 wt% GNPs loadings with
tC ≤ 100 nm, do not show any significant variations in EC. This indicates that the relative
volume of GNPs increases as GNPs loading increases. This results in an increase in the
probability of interaction between PS chains at the matrix and PS ligands attached to GNPs.
This yields more wetted GNPs which start acting as pseudo-crosslinkers. As a result, the
onset of molecular network reinforcement occurs.
Finally, different classes of wrinkle patterns were observed for three different
thickness regimes of PS films: (i) t ≥ 600 nm, (ii) 50 nm ≤ t ≤ 600 nm, and (iii) t ≤ 50 nm.
In regime (i), PS film shows a single wavelength and an amplitude at the entire wrinkled
region. On the other hand, period-doubling occurs at the vicinity of a contact line in regime
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(ii). The period-doubling fades away when the wrinkle propagates toward the edge of the
PS film. In addition, a Single mode, partial period-doubling, folds, and arcs are observed
in regime (iii). These different wrinkle patterns may result from the difference in
bendability (ε-1 = a2γ/B, where a is a radius of a drop, γ is liquid surface tension, and B is

a bending modulus) at the contact line between the liquid drop and the PS film. Here, the
sizes of liquid drops placed onto the film were the same, resulting in inducing the same
magnitudes of compressive hoop stresses. The only variable was the PS film thickness.
Contact lines were varied depending on the PS film thicknesses, the bending moduli, and
the surface energy of the liquid drop applied onto the film. These all combine to minimize
the free energy at the contact line between the drop and the film, creating the different
classes of wrinkle patterns. Furthermore, glycerol drops larger than the capillary lengths
were applied onto the center of the floating film to observe the different classes of wrinkle
patterns. Three different PS film thicknesses, (i) PS 80 nm, (ii) PS 180 nm, and (iii) PS 970
nm, were used. (i) shows wrinkles-to-fold transition when the glycerol drop size reaches
8.4 mm. (ii) exhibits wrinkles and crumples with a 7 mm diameter glycerol drop. Moreover,
(iii) represents wrinkle aggregation with a 5.9 mm diameter glycerol drop applied. This
indicates that different classes of wrinkle patterns can be observed with different film
thicknesses and liquid drop sizes.
Investigations using the capillary-force-induced wrinkling method can be expanded
to several projects as follows. First, the dynamics of wrinkles can be determined using a
high-speed camera. Toga et al. demonstrated the prospect of the dynamics of wrinkles.28
The result showed that both number and length of wrinkles are determined in tens of
milliseconds.28 However, the number of wrinkles was determined earlier than that of the
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length of wrinkles.28 Since we observed different classes of wrinkle patterns, it is worth
pursuing the dynamics of wrinkles depending on the variations in the thickness of PS films.
This will elucidate (i) the origin of different classes of wrinkle patterns in an orderly
manner and (ii) the theoretical understanding, particularly the far-from-threshold wrinkling
instabilities. Second, electric fields can be applied to see the variations in wrinkle patterns
induced by the capillary force on the Au-Polymer bilayers or Polymer-GNPs composite
films. Gold is a great conductor while polymer can be synthesized as an insulator. Using
the combination of the conductor and insulator, magnitude of electric field can be tuned.
Thermal energy generated between the conductor and the insulator may induce variation
in mechanical properties which may stiffen the polymer layer. This will contribute to the
change in wrinkle patterns depending on the layer of polymer thickness for the Goldpolymer bilayers and the volume fractions of GNPs for the polymer-GNPs composites
under different magnitudes of the electric field. This study will illuminate the effect of
electric field on mechanical properties of bilayers and composites.
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